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Introduction 


The  breast  cancer  training  program  at  the  University  of  Texas  M.  D.  Anderson  Cancer  Center  is  a  multidisciplinary 
research  program  comprising  students  and  faculty  from  twenty  different  departments.  The  ultimate  goal  of  this 
training  program  is  to  provide  support  to  aid  the  development  of  exceptional  scientists  in  the  field  of  breast  cancer 
research.  The  predoctoral  and  postdoctoral  trainees  for  the  U.  S.  army/Department  of  Defense  (DOD)  training 
grant  are  chosen  from  the  laboratories  of  all  faculty  involved  in  the  entire  Breast  Cancer  Research  Program  at 
MDACC  which  includes  over  seventy  faculty  members  and  twenty  departments.  The  scope  of  the  research 
conducted  by  the  trainees  includes  a  variety  of  topics  related  to  breast  cancer  research.  Some  trainees  are 
conducting  research  aimed  at  developing  novel  therapeutic  approaches  for  breast  cancer  through  regulation  of 
oncogenes  and  tumor  suppressor  genes  and  control  of  signal  transduction,  apoptosis  and  DNA  repair.  Others  are 
using  animals  to  understand  the  biology  of  breast  cancer  and  to  develop  models  for  pre-clinical  therapeutic  and 
preventive  studies.  Still  others  are  studying  molecular  diagnostic/prognostic  factors  for  breast  cancer  and 
developing  novel  preventive  strategies  for  this  disease.  The  trainees  are  involved  in  many  departmental  and 
interdepartmental  events  including  journal  clubs,  group  meetings,  retreats,  and  seminars.  Theses  activities  outside 
of  the  laboratory  provide  opportunities  for  the  trainees  to  gain  a  truly  multi-disciplinary  perspective  on  their  own 
research  projects  by  communicating  and  collaborating  with  researchers  from  each  department  at  MDACC  involved 
in  breast  cancer  research.  The  breast  cancer  training  program  at  MDACC  is  well  on  its  way  to  producing  superior 
investigators  who  will  continue  to  explore  the  problems  of  breast  cancer  well  into  the  future. 
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Body 


Support  from  the  U.S.  Army/DOD  to  develop  the  Breast  Cancer  Training  Program  at  the  University  of 
Texas  M.  D.  Anderson  Cancer  Center  (UT-MDACC)  has  led  to  another  successful  year  in  breast  cancer  research 
for  several  predoctoral  and  postdoctoral  fellows.  The  Breast  Cancer  Training  Program  at  UT-MDACC  was 
developed  to  provide  support  for  exceptional  young  scientist  training  in  laboratories  that  are  part  of  the  Breast 
Cancer  Research  Program  (BCRP)  at  UT-MDACC.  The  program  provides  comprehensive  interdisciplinary 
research  training  to  each  fellow.  The  program  faculty  is  comprised  of  members  who  cover  a  full  spectrum  of 
breast  cancer  research,  including  investigators  involved  in  basic,  translation,  clinical  and  population-based  studies 
related  to  breast  cancer.  The  strength  of  the  training  programs  at  UT-MDACC  stem  from  the  strong  interactions 
that  take  place  between  basic  science  researchers  and  clinicians  in  the  exciting  environment,  which  allows  for  swift 
transfer  of  scientific  discoveries  from  the  laboratory  to  the  clinic.  Predoctoral  and  postdoctoral  trainees  at 
MDACC  benefit  from  this  unique  environment  and  are  able  to  gain  unparalleled  experience  in  multidisciplinary 
studies.  The  ultimate  goal  of  this  training  program  is  to  train  predoctoral  and  postdoctoral  fellows  to  become 
highly  qualified  breast  cancer  researchers  who  will  develop  programs  of  merit  in  breast  cancer  research. 

The  training  program  was  instigated  after  approval  of  the  U.S.  Army/DOD  training  grant  awarded  to  UT- 
MADCC.  This  program  consists  of  over  seventy  faculty  members  from  more  than  twenty  departments  at  UT- 
MDACC  involved  breast  cancer  research.  The  program  developed  a  nomination  process  that  involved  the 
participation  of  each  faculty  member  in  nominating  individuals  to  serve  on  the  U.  S.  Army  Breast  Cancer  Training 
Grant  Steering  Committee.  Following  the  nomination  process  each  BCRP  faculty  member  voted  for  his  or  her 
choices  for  members  to  serve  the  steering  committee.  This  committee  was  formed  to  serve  in  the  selection  of  U.  S. 
Army  Training  Grant  recipients,  the  mentoring  of  the  selected  fellows,  and  the  monitoring  of  each  fellow’s  research 
progress.  This  process  resulted  in  the  election  of  the  following  six  faculty  members  to  serve  on  the  committee: 


Mien-Chie  Hung,  Ph.D.,  Principal  Investigator  of  U.S.  Army/DOD  Training  Grant,  Professor  &  Director,  Breast 
Cancer  Basic  Research  Program,  and  Chair,  Department  of  Molecular  and  Cellular  Oncology 

Melissa  Bondy,  Ph.D.,  Associate  Professor,  Department  of  Epidemiology 

Gabriel  Hortobagyi,  M.  D.,  Professor  &  Chair,  Department  of  Breast  Medical  Oncology 

Rakesh  Kumar,  Ph.  D.,  Professor,  Department  of  Molecular  and  Cellular  Oncology 

Janet  Price,  Ph.  D.,  Associate  Professor,  Department  of  Cancer  Biology 

Di-Hua  Yu,  M.D.,  Ph.D.,  Associate  Professor,  Department  of  Surgical  Oncology-Research 


The  steering  committee  commenced  its  activities  by  accepting  proposals  for  the  U.  S.  Army/DOD  Breast 
Cancer  Training  Program  Fellowships.  It  is  well  expected  that  some  trainees  will  complete  his  or  her  training  by 
the  end  of  their  second  year  on  the  training  grant  (Fall  2001).  When  the  U.S./Army/DOD  training  grant  initiated 
two  years  ago,  the  steering  committee  has  chosen  four  predoctoral  and  four  postdoctoral  trainees  out  of  eighteen 
candidates.  Due  to  their  exceptional  qualifications,  the  U.S.  Army  Training  Grant  Steering  Committee  awarded  an 
additional  two  postdoctoral  trainees  fellowships,  and  although  designated  as  U.  S.  Army/DOD  Training  Grant 
Fellows,  these  individuals  are  supported  by  BRCP  at  UT-MDACC  funding  as  reported  last  year.  Recently,  the 
committee  has  received  sixteen  applications  from  six  predoctoral  and  ten  postdoctoral  trainees  involved  in  breast 
cancer  research  at  MDACC.  The  general  impression  from  each  member  of  the  steering  committee  was  that  those 
recent  applicants  are  consisted  of  highly  qualified  candidates  with  many  intriguing  proposals  (Appendix  2.0- 
Biographical  sketches  and  abstracts).  Eventually,  after  careful  review,  eight  individuals  were  selected  to  join  the 
U.S.  Army/DOD  Breast  Cancer  Training  Program.  The  awardees  include  four  predoctoral  trainees  and  two 
postdoctoral  trainees  who  are  supported  by  funds  from  the  U.  S.  Army/DOD  Training  Grant.  Again,  due  to 
candidates’  superior  qualifications,  the  U.S.  Army  Training  Grant  Steering  Committee  awarded 
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another  two  postdoctoral  trainees  fellowships,  and  although  designated  as  U.  S.  Army/DOD  Training 
Grant  Fellows,  these  individuals  are  supported  by  BRCP  at  UT-MDACC  funding.  The  superlative 
applicant  pool  truly  impressed  the  steering  committee.  Their  overall  consensus  is  that  the  U.  S.  Army/DOD 
Training  Grants  in  combination  with  the  BCRP  at  UT-MDACC  will  not  only  provide  each  fellow  with  a  excellent 
orientation  to  the  various  aspects  of  breast  cancer  research,  but  will  also  serve  as  a  solid  foundation  in  their  careers. 

Not  only  do  trainees  participate  regular  monthly  journal  clubs  and  seminars  which  are  organized  by  BCPR 
at  UT-MDACC,  and  the  Women’s  Cancer  Research  Group,  respectively,  but  also  they  attend  weekly  laboratory 
meetings  and  seminars  in  their  own  individual  departments.  Furthermore,  the  BCRP  held  annual  retreat  as  reported 
last  year  which  was  held  at  Four  Seasons  Hotel,  on  August  5,  2000.  This  year  was  at  the  Crowne  Plaza  Hotel  in 
Houston,  Texas,  on  September  22.  (Appendix  1.0- Agenda).  This  retreat  served  as  a  forum  for  the  U.S. 
Army/DOD  Breast  Cancer  Training  Grant  fellows  to  discuss  and  collaborate  with  BCRP  faculty  and  other  trainees 
in  the  various  areas  of  breast  cancer  research.  It  is  required  that  each  U.S.  Army/DOD  Training  Grant  fellow  gave 
a  ten-minute  oral  presentation  outlining  both  their  research  accomplishments  and  future  goals.  The  presentation 
was  then  followed  by  open  and  helpful  discussions  among  the  trainees  and  faculty.  In  attendance  were  members 
of  the  BCRP-including  each  fellow,  the  steering  committee  and  other  BCRP  faculty  members.  The  overall  feeling 
among  participants  was  that  it  was  a  rewarding  and  exciting  opportunity  to  hear  all  U.S.  Army/DOD  Training 
Grant  fellows  to  give  excellent  and  impressive  presentations.  Each  faculty  member  agreed  that  the  trainees  were 
making  significant  progress  with  their  projects  as  well  as  in  developing  critical  thinking  skills.  Over  and  above  the 
oral  presentations,  each  trainee  was  asked  to  submit  a  description  of  their  research  accomplishments.  The 
achievements  of  this  group  of  trainees  is  exceptional  and  includes  publication  in  several  highly  reputable  journals 
such  as  Nature  Cell  Biology,  Oncogene,  Cancer  Research,  and  Molecular  Cell  Biology  (Appendix  3-Cited 
publications).  A  summary  of  the  accomplishments  of  trainee  is  described  below: 


Yong  Liao,  M.  D.,  Ph.  D.  -  Postdoctoral  fellow 

In  our  current  investigation,  we  established  that  El  A  sensitizes  human  breast  cancer  cell  lines  (MDA-MB-231  and 
MCF-7)  to  Taxol-induced  apoptosis.  Moreover,  by  inoculating  female  nude  mice  with  MDA-MB-231,  we  showed 
that  El  A  could  enhance  Taxol-induced  antitumor  effect  and  chemosensitivity.  To  further  examine  whether 
apoptosis-related  molecules  such  as  MAPK  p38,  Akt  and  JNK,  were  involved  in  El  A-mediated  sensitization  to 
Taxol.  We  detected  enhanced  p38  MAPK  activity  and  repressed  Akt  activity  in  E1A  expressing  cells  .  However, 
phosphorylation  of  JNK  remains  unaffected.  The  upregulation  of  p38  phosphorylation  and  downregulation  of  Akt 
phosphorylation  have  correlated  with  Taxol-induced  apoptosis.  The  same  mechanism  for  El  A-mediated 
sensitization  to  Taxol  is  also  applied  for  other  anticancer  drugs  ( doxorubicin,  cis-platin,  methotrexate  and 
gemcitabine)  which  are  currently  used  in  clinical  treatment  of  cancer  patients.  Therefore,  inactivation  of  Akt  and 
activation  of  p38  are  required  for  El  A-mediated  chemosensitization.  We  further  identified  a  serine/threonine 
phosphatase  PP2A,  which  the  expression  of  catalytic  subunit  (PP2A/C)  is  upregulated  in  El  A-expressing  cells, 
participates  in  ElA-mediated  chemosensitization.  Since  PP2A  directly  dephosphorylates  Akt,  upregulation  of 
PP2A/C  in  El  A-expressing  cells  could  repess  Akt  activity,  in  turn,  which  would  result  in  p38  activation.  The  “feed 
forward”  mechanism  may  account  for  ElA-mediated  chemosensitization. 


Soo-Jeong  Kim#,  Ph.  D.-  Postdoctoral  fellow 

We  have  previously  reported  that  Grb2  (growth  factor  receptor  protein-2)  is  required  for  the  proliferation  of  Erb- 
2overexpressing  breast  cancer  cells.  We  investigated  whether  Grb2  protein  plays  a  role  in  heregulin-stimulated 
proliferation.  We  have  found  that  Grb2  protein  inhibition  led  to  growth  inhibition  of  heregulin-stimulated  breast 
cells,  but  not  Erkl  and  2  activation.  Since  Akt  can  also  be  activated  by  heregulin,,  we  have  shown  that  Akt  was 
inactivated  by  heregulin.  We  then  examined  the  effects  of  Grb2  downregulation  on  Akt  in  Erb2-overexpressing 
cells  in  the  absence  of  heregulin.  Similar  to  heregulin-stimulated  cells,  Grb2  inhibition  also  led  to  Akt  inactivation 
in  Erb2-overexpressing  breast  cancer  cells.  In  summary,  our  data  indicated  that  activation  of  Erb2  by  heregulin  or 
by  its  overexpression  requires  Grb2  to  stimulate  the  Akt  pathway  to  propagate  mitogenic  signals. 
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Keishi  Makino*,  M.  D.,  Ph.  D.  -  Postdoctoral  fellow 


Previously,  we  have  demonstrated  that  Taxol  could  induce  p55Cdc  mRNA  expression  through  activation  of  the 
p55Cdc  promoter,  which  led  to  increase  p55Cdc  protein  expression.  In  addition,  Taxol  activated  p55Cdc- 
associated  kinase.  In  this  progress  report,  we  have  successfully  identified  that  overexpressing  of  p55Cdc  resulted 
in  decreaed  expression  of  cyclin  B 1  and  in  cell  death  in  Hela  cells  and  NIH3T3  cells  in  a  dose-dependent  manner. 
Moreover,  a  dominant-negative  mutant  of  p34cdc2  inhibited  p55Cdc-induced  and  Taxol-induced  apoptosis,  but  not 
in  serum-starved  cells. 

Rui-An  Wang#,  M.  D.,  Ph.  D.  -  Postdoctoral  fellow 

Activation  of  heregulin  signaling  in  the  estrogen  receptor-positive  breast  cancer  cells  leads  to  the  suppression  of 
estrogen  receptor  element  (ERE)-driven  transcription,  the  disruption  of  estradiol  responsiveness,  the  acquisition  of 
the  hormone-independent  phenotype  and  thus,  contributes  in  breast  cancer  tumor  progression  to  more  invasive 
phenotype.  Steroid  receptors  have  been  shown  to  control  gene  transcription  in  conjunction  with  histone  acetylation 
modifying  complexes.  Here  we  report  the  identification  of  a  metastatic-associated  protein  1  (MTA  1),  a  component 
of  histone  deacetylase  and  nucleosome  remodeling  complexes,  as  a  gene  product  induced  by  heregulin- 1. 
Stimulation  of  cells  with  heregulin- 1  was  accompanied  by  a  suppression  of  histone-4  acetylation,  and  an 
enhancement  of  deacetylase  activity.  In  addition,  MTA  1  was  discovered  to  be  a  potent  corepressor  of  ERE- 
transcription  as  it  blocked  the  ability  of  estradiol  to  stimulate  the  ERE-transcription.  Histone  deacetylase  inhibitor 
trichostatin  A  blocked  the  MTA  1 -mediated  repression  of  ERE  transcription.  In  vivo ,  MTA  1  associates  with 
several  components  of  the  NuRD  complex,  including  histone  deacetylases  1, 2  and  3,  chromodomain  proteins  3 
and  4,  and  Sin3.  Furthermore,  the  MTA  1  directly  interacted  with  the  histone  deacetylase  1  and  2,  and  also  with  the 
activation  domain  AF2  of  the  estrogen  receptor  a.  These  results  identify  ERE-mediated  transcription  as  a  nuclear 
target  of  MTA  1  and  suggest  that  histone  deacetylase  complexes  associated  with  the  MTA  1  corepressor  mediates 
estrogen  receptor  transcriptional  repression  by  heregulin- 1. 

Binhua  Peter  Zhou#,  Ph.  D.-Postdoctoral  fellow 

Cellular  localization  of  p21c,pmAFl  has  been  proposed  to  be  pivotal  in  either  promoting  cell  survival  or  inhibiting 
cell  growth.  In  our  previously  study,  we  have  shown  that  HER-2/neu-mediated  cell  growth  required  the  activation 
of  Akt,  which  associated  with  p2r'pI/WAFI  and  phosphorylated  it  at  threonine  145,  then  resulted  in  cytoplasmic 
localization  of  p21CipmNAF1 .  Furthermore,  blocking  the  Akt  pathway  with  a  dominant-negative  mutant  of  Akt 
restored  the  nuclear  localization  and  the  cell  growth  inhibition  activity  of  p2\Gp,/WAFI .  Our  study  indicated  that 
HER-2/neu  induces  in  cytoplasmic  localization  of  p2\Cip,/WAFI  via  the  activation  of  Akt  to  promote  cell  growth, 
which  may  have  implications  in  oncogenic  activity  of  HER-2/neu  and  Akt. 

In  our  present  investigation,  we  showed  that  HER-2/neu-mediated  resistance  to  DNA  damaging  agents  (etoposide 
and  doxorubincin)  required  the  activation  of  Akt,  which  enhanced  MDM2-mediated  ubiquitination  and  degradation 
of  p53.  Akt  physically  associated  with  MDM2  and  then,  in  turn,  phosphorylates  it  at  serine  166  and  168  residues. 
The  phosphorylation  of  MDM2  resulted  in  the  enhancement  of  nuclear  localization  of  MDM2  and  its  interaction 
with  a  transcriptional  coactivator  CBP/p300  and  inhibited  its  interaction  with  p  1 9A/f/’,  thus  increasing  p53 
degradation.  In  summary,  our  study  indicated  that  blocking  the  Akt  pathway  mediated  by  Her-2/neu  would 
increase  the  cytotoxic  effect  of  DNA  damaging  drugs  in  tumor  cells  with  wild  type  p53. 


Kristine  Klos  -  Predoctoral  fellow 

The  primary  objective  of  this  study  is  to  define  the  downstream  effectors  of  Erb2  receptor-induced  angiogenic 
responses  which  may  lead  to  enhanced  metastatic  potential.  By  establishing  stable  transfectants  in  human  breast 
cell  line  MDA-MB-435  with  various  Erb2  mutants  (such  as  constitutive-activating,  dominant  negative, 
autophosphorylayion  site  defective,  and  c-terminal  deleted  mutants),  we  may  determine  the  structural  requirements 
of  the  Erb2  receptor  for  mediating  Erb2  signals  leading  to  angiogenic  responses.  We  have  observed  that  in  Erb2- 
overexpressing  and  constitutive  active  mutant  cell  lines,  Erb2  can  activate  Akt,  Src  and  Erk.  To  further  investigate 
the  critical  Erb2  motif  for  signaling  to  prime  the  metastasis,  we  have  injected  SCID  mice  with  different  established 
Erb2  mutant  cell  lines.  The  Erb2  oevrexpressing,  constitutively  active  Erb2  and  C-terminal  truncated  cell  lines  can 
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cause  lower  survival  due  to  metastases  in  mice.  We  also  identified  that  VEGF  secretion  was  higher  in 
overexpressing,  constitutively  active  ,  and  c-terminal  truncated  Erb2  mutant  cell  lines  in  vitro.  In  order  to  pursue  the 
angiogenic-related  properties,  we  are  currently  experimenting  the  HUVEC  migration  assay,  HUVEC 
differentiation  assay  and  MMP-2  and  MMP-9  zymography  for  the  optimal  conditions. 


Christopher  Neal  -  Predoctoral  fellow 

Western  blot  analysis  of  14-3-3zeta  (29  kda  protein)  in  pairs  of  pathologist-dissected  breast  tumors  and  normal 
autologous  tissues  revealed  that  14-3-3zeta  expression  in  >70%  tumors.  Recently,  by  using  IHC  to  study  240 
parafm-embedded  sections  of  breast  samples  to  determine  14-3-3zeta  expression,  we  have  determined  that  the 
percentage  of  14-3-3zeta  overexpression  to  be  >70%  in  breast  cancer  samples  and  >80%  in  invasive  carcinoma.  In 
addition,  patients  whose  tumors  had  highest  expression  were  found  to  have  significantly  lower  disease-free  and 
survival  rates.  To  study  the  role  of  14-3-3  overexpression  in  breast  cancer,  we  stably  transfected  the  human  breast 
cancer  cell  line,  MDA-MB-435  with  14-3-3FL  (constitutively  active  mutant)  and  vector  control.  The  14-3-3FL 
transfectants  were  notably  more  resistant  to  gamma  irradiation  induced  apoptosis  and  had  three  fold  increased  in 
colony  formation  than  vector  alone.  Therefore,  we  consider  the  14-3-3zeta  protein  as  a  potential  novel  marker  for 
breast  cancer. 


Yong  Wen#  -  Predoctoal  fellow 

We  have  demonstrated  that  p202  (52  kda  protein)  has  the  ability  of  tumor  suppression  and  sensitization  to  tumor 
necrosis  factor-a-induced  apoptosis  in  human  breast  caner  cell  lines.  To  examine  the  potential  gene  therapy 
application  for  p202,  we  inoculated  human  breast  cancer  cell  line  MDA-MB-468  into  female  nude  mice  to  form 
about  5mm  in  diameter  of  tumor  size.  Then,  p202  DNA  which  was  conjugated  with  SN2  liposome  delivery  system 
was  injected  intravenously  into  tumor-bearing  mice.  Compared  to  the  control  treatment  with  luciferase/SN2 
complex,  the  tumor  growth  was  significantly  suppressed  in  mice  with  p202/SN2  treatment.  The  result  strongly 
suggests  that  the  p202  gene  could  be  a  potential  therapeutic  application  in  human  breast  cancer.  We  also  identified 
the  mechanism  which  p202  nay  be  involved  in  suppressing  angiogensis.  By  analyzing  the  immunohistochemical 
staining,  in  tumor  samples  which  has  received  p202/SN2  injection,  we  have  shown  that  the  expression  of 
angiogenic  factors  (VEFG  and  EL-8)  were  inhibited. 


Zhenming  Yu  -  Predoctoral  fellow 

We  have  shown  that  PEA3,  a  transcription  factor  of  ets  family,  can  suppress  HER2/heu  transforming  phenotype  in 
vitro  and  inhibit  tumor  growth  in  vivo.  To  further  elucidate  the  mechanism  of  tumor  suppress  functionality  of 
PEA3,  we  established  a  panel  of  tetracycline  inducible  PEA3  stable  transfectants.  With  the  availability  of  those  cell 
lines,  we  could  further  examine  effects  of  various  level  of  PEA3  expression. 

#  Previous  trainee  has  completed  his  or  her  training. 


Again,  after  careful  review,  the  U.  S.  Army/DOD  Breast  Cancer  Training  Program  Steering  Committee  was 
impressed  with  the  excellent  progress  made  each  by  training  grant  recipient  in  array  areas  of  laboratory  research, 
development  of  ideas,  and  critical  thinking.  These  predoctoral  and  postdoctoral  trainees  have  taken  full  advantage 
of  the  opportunities  provided  to  them  as  a  result  of  the  U.S.  Army/DOD  Training  Grant  awarded  to  UT-MDACC. 
All  the  trainees  make  significant  strides  in  their  research.  In  addition,  the  U.S.  Army/DOD  Breast  Cancer 
Training  Program  provides  trainees  a  unique  opportunity  which  allows  themselves  to  develop  crucial  skills  that  are 
essential  to  become  competitive  investigators  in  the  field  of  breast  cancer  research.  Moreover,  each  U.S. 
Army/DOD  Training  Grant  fellow’s  progress  has  been  monitored  by  the  steering  committee  over  the  entire  two- 
year  period  for  which  grants  were  awarded.  In  the  first  two-year  training  period,  trainees  are  extremely  successful 
in  their  research  as  evidenced  by  their  productive  publications  in  peer-reviewed  journals.  Last  year  (2000)  trainees 
had  ten  papers  in  publication  as  reported  in  the  last  year  progress  report.  This  year  (2001)  the  steering  committee 
members  are  greatly  impressed  by  trainees’  highly  regarded  and  prolific  publications.  Trainees  have  nineteen 
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published  papers  in  a  collection  of  solid  and  reputable  journals. (Reportable  outcomes,  page  1 1)  Recently,  the 
steering  committee  posted  an  announcement  for  additional  applications  for  the  U.S.  Army/DOD  Training  Grant  as 
well  as  the  selection  process  completed  to  choose  the  most  qualified  candidates.  Once  again,  four  predoctoral  and 
four  postdoctoral  trainees  have  been  selected  (including  two  additional  postdoctoral  trainees  fellowships  who  are 
supported  by  BRCP  at  UT-MDACC  funding).  Additionally,  the  progress  of  U.S.  Army/DOD  Training  Grant 
recipients  continuing  studies  at  UT-MADCC  after  two  years  on  the  grant  will  be  reviewed  by  the  steering 
committee  and  decisions  will  be  made  regarding  whether  or  not  to  continue  funding. 

In  sum,  the  U.S.  Army/DOD  Breast  Cancer  Training  Program  at  the  University  of  Texas  M.  D.  Anderson 
Cancer  Center  has  served  as  an  unprecedented  opportunity  for  bright  young  scientists.  Not  only  have  these 
trainees  benefited  from  the  support  and  multidisciplinary  activities  offered  by  the  program,  but  also  the  program 
has  served  as  an  unique  attraction  for  young  scientists  from  around  the  world  to  devote  their  energy  to  breast 
cancer  research  at  UT-MDACC. 
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Key  Research  Accomplishments 
(see  Reportable  Outcomes  for  details) 


•  Completed  studies  of  the  wild  type  El  A  and  E1A  functional  domain  mutants  anti-tumor  effect  in  vivo. 

•  Evaluated  the  chemosensitization  effect  of  El  A  by  systemic  El  A  gene  therapy  approach. 

•  Identified  the  causal  relationships  between  ElA-mediated  regulation  of  p38  activity  and  Akt  activity  and 

El  A  chemosensitization. 

•  Identified  a  protein  phosphatase  PP2A  participate  in  ElA-mediated  chemosensitization  and  the  feed 
forward  regulation  among  PP2A,  Akt  and  p38. 

•  Discover  that  Grb2  downregulation  leads  to  Akt  inactivation  in  heregulin-stimulated  and  Erb2- 
overexpressing  breast  cancer  cells 

•  Identified  over-expression  of  p55Cdc  resulted  in  decreased  expression  of  cyclin  B 1 . 

•  Identified  over-expression  of  p55Cdc  gene  resulted  in  cell  death  in  Elela  cells  and  NIH3T3  cells  in  a 

dose-dependent  manner. 

•  A  dominant-negative  mutant  of  p34cdc2  inhibited  p55Cdc-induced  and  taxol-induced  cell  death,  but  not 
in  serum-starved  cell  death. 

•  Discover  that  Metastasis- Associated  Protein  1  represses  estrogen  receptor  transcription  via  recruiting 
histone  deacetylase  complexes. 

•  Identified  novel  Akt  substrates,  p210p/AlMF/  and  MDM2. 

•  Established  a  panel  of  transfectant  cell  lines  with  Erb2  mutants. 

•  Over-expression  of  Erb2  can  activate  Akt,  Src  and  Erk. 

•  Discover  that  over-expression  of  Erb2  cell  lines  have  higher  level  of  VEGF  secretion  which  may 
promote  cell  invasion  in  vivo. 

•  Discover  that  14-3-3zeta  protein  could  be  a  potential  marker  for  breast  cancer. 

•  Over-expression  of  active  mutant  of  14-3-3zeta  demonstrated  that  transfectants  have  more  resistance  to 
gamma  irradiation  and  increased  anchorage  independent. 

•  Discover  that  p202/SN2  intravenous  injection  significantly  suppressed  tumor  growth  in  an  orthotopic 
breast  cancer  animal  model. 

•  P202/SN2  delivery  system  as  a  potential  gene  therapy  for  treatment  of  breast  cancer. 

•  Discover  that  p202  can  suppress  angiogensis  by  inhibiting  expression  of  angiogenic  factors  VEGF  and 
EL-8. 

•  Established  the  tetracycline  inducible  PEA3  stable  transfectants  of  HER-2/neu  over-expressing  breast 
cell  lines  (MDA-MB-453  and  MDA-MB-361T2)  and  HER-2/neu  non-overexpressing  cell  lines 
(MDA-MB-435  and  MVF7)  by  two-step  stable  transfection. 
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Reportable  Outcomes 


Peer  reviewed  Journals: 


Zhou,  B.  P.‘#.,  Liao,  Y.*,  Xia,  W.  Y.,  Zou,  Y.  Y.,  Spohn,  B.  and  Hung,  M.-C.  HER-2/neu  induced  p53 
ubiquitination  via  Akt-mediated  MDM2  phosphorylation.  Nature  Cell  Biology,  2001.  In  Press  (*  equal 
contribution) 


Liao,  Y.*,  Funda,  M.*,  Lee,  W.  P.,  Pollock,  R.  E.  and  Hung,  M.-C.  Adenovirus  5  early  region  1A  does  not  induce 
expression  of  the  Ewing  sarcoma  fbsion  products  EWS-FLI1  in  breast  and  ovarian  cancer  cells  lines.  Clinical 
Cancer  Research  6,  3832-3836,  2000.  (*  equal  contribution) 


Zhou,  B.  P.#,  Liao.  Y.,  Xia,  W.  Y.,  Spohn,  B.,  Lee,  M.-H.  and  Hung,  M.-C.  Cytoplasmic  localization  of 
p2lcip  /wafI  by  Akt-mediated  phosphorylation  in  HER-2/neu-overexpressing  cells.  Nature  Cell  Biology  3, 245-252, 
2001.* 

*  Accompanied  by  News  and  Views  by  El-Deiry,  W.S.  Akt  takes  centre  stage  in  cell-cycle  deregulation.  Nature 
Cell  Biol.  3:E1-E3,2001. 


Liao,  Y.,  Zou,  Y.,  Xia,  W.  and  Hung,  M.-C.  Enhancement  of  chemosentivity  and  antitumor  effects  by  Adenovirua 
El  A-mediated  regulation  of  Akt  and  p38  activities.  Submitted. 

Lim,  S.  J.#,  Lepez-Berestein,  G.,  Hung,  M.-C.,  Lupu,  R.  and  Tari,  A.  M.  Grb2  downregulation  leads  to  Akt 
inactivation  in  heregulin-stimulated  and  Erb2-overexpressing  breast  cells.  Oncogene,  19, 6271-6276, 2001. 


Tari,  A.  M.,  Lim,  S.  J.#,  Hung,  M.-C.,  Esteva,  F.  J.  and  Lopez-Berestein,  G.  A  novel  mechanism  to  induce  ATRA 
resistance  in  breast  cancer  cells:  the  HER2/neu-Grb2-Akt  pathway.  Submitted 


Vadlamudi,  R.,  Wang,  R.-A.#,  Talukder,  A.H.,  Adam,  L.,  Johnson,  R.  and  Kumar,  R.  Evidence  of  Rab3 
expression,  regulation  of  vesicle  trafficking,  and  cellular  secretion  in  response  to  heregulin  in  mammary  epithelial 
cells.  Molecular  Cell  Biology  20, 9092-9101,  2000. 


Vadlamudi,  R.,  Wang,  R.-A.#,  Mazumdar,  A.  and  Kumar,  R.  PELP1,  a  novel  human  protein  that  acts  as  a 
bifunctional  regulator  of  steroid  receptors.  J.  Biological  Chemistry,  2001.  In  Press 


Kumar,  R.  and  Wang,  R.-A.#  Protein  kinases  in  mammary  gland  development  and  cancer.  Microscopy  Research 
and  Technique,  2001.  In  Press 


Mazmudar,  A.,  Wang,  R.-A.#,  Mishra,  S.,  Adam,  L.,  Yarmand,  R.,  Mabdal,  A.,  Vadlamudi,  R.  and  Kumar,  R. 
Transcriptional  repression  of  estrogen  receptor  by  metastasis-associated  protein  1,  a  compoenet  of  histone 
deacetylase  and  nucleosome  remodeling  complexes. 

Nature  Cell  Biology,  3,  32-37,  2001. 

Makino,  K.#,  Yu,  D.  and  Hung,  M.-C.  Transcriptional  upregulation  and  activation  of  p55Cdc  via  p34cdc2  in  Taxol 
induced  apoptosis.  Oncogene  20, 2537-2543,  2001. 
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Wang,  S.  C.,  Makino,  K.#,  Su,  L.  K.,  Pao,  A.,  Kim,  J.  S.  and  Hung,  M.-C.  Ultraviolet  irradiation  induces 
depletion  of  BRCA  2  protein  through  a  p53-independent  proteosome-independent  pathway.  Cancer  Research  61, 
2838-2842,2001. 


Lin,  S.-Y.,  Makino,  K#.,  Xia,  W.  Y.,  Matin,  A.,  Wen,  Y.,  Kwong,  K.  Y.,  Bourguignon,  L.  and  Hung,  M.-C. 
Nuclear  localization  of  EGF  receptor  and  its  potential  new  role  as  a  transcription  factor.  Nature  Cell  Biology  3, 
802-808,2001.* 

*Accompanied  by  News  and  Views  by  Waugh,  M.G.,  and  Hsuan,  J  J.  EGF  receptor  as  transcription  factors: 
ridiculous  or  sublime?  Nature  Cell  Biol.  3:E209-E1 1, 2001. 


Wang,  S.  C.,  Makino,  K.#'  Xia,  W.,  Kim,  J.  S.,  Im,  S.  A.,  Peng,  H.,  Mok,  S.  C.,  Singletary,  S.  E.  and  Hung,  M.-C. 
DOC-2  inhibits  ILK  activity  and  induces  anoikis  in  breast  cancer  cells.  Oncogene,  2001.  In  press. 


Yao,  J.,  Xiong,  S.,  KIos,  K.,  Nguyen,  N.,  Grijalva,  R.,  Li,  P.  and  Yu,  D.  Multiple  signaling  pathways  involved  in 
activation  of  matrix  metalloptrpteinase-9  (MMP-9)  by  heregulin-(3l  in  human  breast  cancer  cells.  Oncogene , 
2001.  In  press. 


Lee,  S.,  Yang,  W.,  Sellappan,  S.,  KIos,  K.,  Silwkowski,  M.,  Hortobagyi  G.,  Hung,  M.-C.  and  Yu,  D.  Enhanced 
sensitization  to  Taxol-induced  by  Herceptin  pretreatment  cells  apoptosis  in  HER-2-  overexpressing  breast  cancer 
cells.  Cancer  Research,  2001.  Submitted. 


Wen,  Y.#,  Hu,  M.  C.,  Makino,  K.,  Spohn,  B.,  Bartholomeusz,  Z.,  Yan,  D.  H.  and  Hung,  M.-C.  HER-2/neu 
promotes  androgen-independent  survival  and  growth  of  prostate  cancer  through  the  Akt  pathway.  Cancer 
Research,  60,  6841-6845, 2000. 


Wen,  Y.#,  Yan,  D.  H.,  Wang,  B.,  Spohn,  B.,  Ding,  Y.,  Shao,  R.  Zou,  Y.,  Xie  and  Hung,  M.-C.  p202,  an  interferon- 
inducible  protein,  mediates  multiple  anti-tumor  activities  in  human  pancreatic  cancer  xenograft  models.  Cancer 
Research,  2001.  In  press. 


Ding,  Y.,  Wang,  L.,  Spohn,  B.,  Kwong,  K.  Y.,  Shao  R.,  Wen,  Y.#,  Li,  Z.,  Hortobagyi,  G.,  Hung,  M.-C.  and  Yan,  D. 
H.  Pro-apoptotic  effect  of  adenovirus-mediated  p202  gene  transfer  on  breast  cancer  cells.  Cancer  Research, 
2001.  In  revision. 


#  Previous  trainee  has  completed  his  or  her  training. 


12 


Meeting  Abstracts: 


Liao,  Y.,  Zou,  Y.  Y.,  Xia,  W.  Y.,  Lee,  W.  P.  and  Hung,  M.-C.  Modulation  of  apaototic  theshold:  enhanced  anti¬ 
tumor  therapy  through  downregulation  Akt  and  upregulating  p38  by  adenovirus  El  A  in  human  breast  cancer  cells. 
Proceedings  of  the  Ninety-Second  Annual  Meeting  of  the  American  Association  for  Cancer  Research,  42,  658- 
659,2001. 


Tan,  M.,  KIos,  K.,  Grijalva,  R.  and  Yu,  D.  Heregulin  pi -activated  Erb2  receptor  signaling  and  human  breast  cancer 
cell  aggregation,  invasion  and  metastasis.  Keystone  Symposia  on  Molecular  and  Cellular  Biology,  2000. 


Presentation: 


Zhou,  B.  P.#  and  Hung,  M.-C.  Activation  of  Akt  is  required  for  HER-2/neu-mediated  anchorage  independent  cell 
growth.  Oral  presentation.  Annual  Meeting  of  American  Association  for  Cancer  Research,  New  Orleans,  LA,  U. 
S.  A.,  2001. 


#  Previous  trainee  has  completed  his  or  her  training. 


Patent: 


U.  S.  Patent  Application  No.  60/277, 788,  People  Republic  of  China  No.  0111 17869  and  Taiwan  Counterpart 
Patent  No.  90106723.  Entitled  “Composition  and  Methods  for  Inactivation  the  Akt  Oncogene  and  Activating  the 
p38  Pro-apoptotic  Gene”  by  Liao,  Y.  et  al.  Filing  date:  March  21, 2001. 


Degree  obtained: 

Yong  Wen  obtained  her  Ph.  D.  degree  in  August,  2001. 

Funding  applied: 

Yong  Liao  is  the  recipient  of  a  postdoctoral  fellowship  from  the  US  Army  Breast  Cancer  Research  Program. 
Award  No.  DAMD  17-01-1-0300. 

Employment  or  Research  Opportunities  for  previous  trainees: 

Soo-Jeong  Lim,  Ph.  D.  became  a  postdoctoral  fellow  at  College  of  Pharmacy,  Seoul  National  University,  South 
Korea. 

Keishi  Makino,  M.  D.  and  Ph.  D.  became  a  junior  faculty  member  at  Kumamoto  University,  Japan,  effective  in 
May,  2001. 
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Rui-An  Wang,  M.  D.  and  Ph.  D.  became  an  instructor  at  University  of  Texas  M.  D.  Anderson  Cancer  Center, 
effective  in  May  2001 

Binhua  Peter  Zhou,  Ph.  D.  became  an  instructor  at  University  of  Texas  M.  D.  Anderson  Cancer  Center,  effective 
in  September,  2001. 
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Conclusions 


In  conclusion,  the  U.S.  Army/DOD  Breast  Cancer  Research  Training  Program  at  the  University  of  Texas  M.  D. 
Anderson  Cancer  Center  has  had  a  continuing  successful  second  year.  Each  U.S.  Army/DOD  Training  Grant 
recipient  has  benefited  from  the  multidisciplinary  program  as  evidenced  by  significant  progress  in  their  respective 
research  projects  and  an  outstanding  publication  record.  Additionally,  each  trainee  has  gained  invaluable  knowledge 
and  critical  thinking  skills  as  a  result  of  departmental  and  inter-departmental  seminars  and  group  meetings.  With 
continued  support  from  the  U.S.  Army/DOD  Breast  Cancer  Research  Program,  UT-MDACC  will  prosper  in  trainin 
scientists  in  the  field  of  breast  cancer  research.  We  are  expecting  the  newly  awarded  trainees  will  continue  to  do  well 
in  the  coming  year. 
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M  M.  JkwT  %***  f  .JLXJt  ,*W.*  «  .A  A  JU***  A  It*/1 

MD  ANDERSON 

CANCER  CENTER 


BREAST  CANCER  RESEARCH  GROUP 
FALL  RETREAT 
Crowne  Plaza  Medical  Center 
6701  Main  Street 
713-797-1110 

SATURDAY,  SEPTMEBER  22,  2001 

Breast  Imaging 

8:00  -  8:25  am  Registration  and  Breakfast,  Room:  Houston  II 

8:25  -  8:30  am  Gabriel  Hortobagyi,  MD:  Welcome  &  Introduction 

8:30  -  8:35am  Peter  Dempsey,  MD:  Overview  of  Program 


A)  Screening  ( Moderator :  Tanya  Stephens,  MD) 


8:35  -  8:45  am 
8:45  -  8:55  am 
8:55  -  9:05  am 

9:05 -9:15  am 

9:15 -9:25  am 
9:25  -  9:45  am 
9:45  -  10:00  am 


Carol  Stelling,  MD:  Overview:  Benefits  and  Limitations  of  Screening 

Chris  Shaw,  Ph.D:  Resolution  Studies  -  FFDM 

Gary  Whitman,  MD:  Advanced  Applications  - 
Clinical  -  FFDM  -Angio/Tomo/CAD/Subtraction 

Carol  Stelling,  MD:  Screening  High  Risk 
Women/Screening  High  Risk  Women  with  MRI 
-BR  CA  1-2,  h/o  atypia,  h/o  LCIS,  FH,  pXRT 

Peter  Dempsey,  MD:  US  -  Screening  -  Pro/Con 

Tanya  Stephens,  MD:  Discussion 

BREAK 


B)  Imaging  Angiogenesis  (Moderator:  Gary  Whitman) 


10:00  - 10:10  am  Michael  O’Reilly,  MD:  Intro  -  Angiogenesis 

10: 10  - 10:20  am  Xiaohong  Joe  Zhou,  Ph.D.:  Intro  -  Small  Animal  Lab 


10:20  -  10:45  am  Anthony  Purchio,  Ph.D.:  In  vivo  biophotonic  imaging 

-applications  in  oncology 

-gene  expression  in  transgenic  mice 
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10:45  -  10:55  am  Chusilp  Chamsangavej,  MD:  CT  -  Angiogenesis 

10:55  -  1 1:05  am  Edward  Jackson,  Ph.D.:  MRI  -  Angiogenesis 

1 1 :05  -  1 1 :20  am  Gary  Whitman,  MD:  Discussion 

11:20- 11:30  pm  BREAK 

C)  PET  ( Moderator :  Anne  Chmielewshi  Kushwaha) 

1 1:30  —  1 1:45  pm  Ebrahim  Delpassand,  MD:  Introduction  and  PET  in  the  evaluation  of  breast  cancer 

1 1 :45  -  11 :55  pm  Wai-Hoi  (Gary)  Wong,  Ph.D.:  New  PET  Cameras 

1 1 :55  -  12: 10  pm  Anne  Chmielewshi  Kushwaha,  MD:  Discussion 

12:10- 12:20  pm  BREAK 

Ablation  ( Moderator :  Peter  Dempsey) 

12:20  -  12:40  pm  Henry  Kuerer,  MD  &  Nour  Sneige,  M.D.: 

Ablation  Overview  and  MDACC  RF  Ablation 

12:40-  1:00pm  Peter  Dempsey,  M.D.:  Discussion 

l:30pm-3:30pm  DOD  Breast  Cancer  Training  Grant  Trainees:  Oral  Presentations 
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Appendix  2.0 

U.S.  Army  /DOD  Breast  Cancer  Research  Training  Grant  Applicants-2001 
Biographical  Sketches  and  Abstracts* 

Predoctoral  applicants: 

Chi-Ping  Day,  M.S.* 

Kristine  Sue  Klos,  B.S. 

Keng-Hseueh  Lan,  M.D.  * 

YanLi,  M.D* 

Christopher  L.  Neal,  B.S. 

Xiaoyan  Sunny  Wang,  M.D.* 

Postdoctoral  Applicants: 

Geoffrey  A.  Bartholomeusz,  Ph.D. 

Yi  Ding,  M.D.,  Ph.D. 

Jaw-Ching  Liu,  Ph.D. 

Yoichi  Nagata,  M.D.,  Ph.D.'5' 

Chenyi  Zhou,  Ph.D.* 

Seyed  Mahmoud  Arab  Najafi,  Ph.D.* 

Snehalata  A.  Pawar  Nee  Bhosale,  Ph.D. 

Lin  Qiu,  Ph.D. 

Zhibo  Yang,  M.D.,  Ph.D. 

Jijiang  Zhu,  M.D.,  Ph.D.'5' 

*The  applicants’  proposals  contain  applicant’s  biographical  sketch  and  transcript,  mentor’s 
biographical  sketch  and  active  support,  letter  of  support  from  the  mentor,  and  proposal  for 
application  to  the  U.S  Army  Breast  Cancer  Research  Program  Training  Grant  (including 
abstract,  research  proposal,  and  figures  and  legends).  Only  Applicant’ sBiographical  sketches 
and  Abstracts  are  attached  in  Appendix  2.0. 

*  The  recent  awardees  started  from  September  1, 2001. 

^The  awardees  are  funded  by  BCRP  and  started  from  September  1, 2001. 
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Biographical  Sketches 


Provide  the  following  information  for  the  key  personnel  listed  on  page  1  of  the  Detailed  Cost  Estimate  form  for  the  initial  budget 
period. 


Name  CHI-PING  DAY 


Position  Title  PREDOCTORAL  FELLOW 


Education/Training  (Begin  with  baccalaureate  or  other  initial  professional  education,  such  as  nursing,  and  include  postdoctoral  training.) 


Degree 

Institution  and  Location 

(IF  APPLICABLE) 

Year(s) 

National  Cheng-Kung  University,  Taiwan. 

B.S. 

1992 

National  Yang-Ming  University,  Taiwan. 

M.S. 

1996 

Field  of  Study 
Chemistry 

Biochemistry 


0  * -  -  Jr  .  ?  JJ.A.  ^JX  V  _LW  UO 

employment,  experience,  and  honors.  Include  present  membership  on  any  Federal  Government  public  advisory  committee.  List, 
in  chronological  order,  the  titles,  all  authors,  and  complete  references  to  all  publications  during  the  past 
3  years  and  representative  earlier  publications  pertinent  to  this  application.  PAGE  LIMITATIONS  APPLY.  DO  NOT  EXCEED 
THREE  PAGES  FOR  THE  ENTIRE  BIOGRAPHICAL  SKETCH  PER  INVESTIGATOR. 

Research  and  Professional  Experience: 

1 992-1994  Lieutenant  Lecturer,  Department  of  Chemical  Protection,  Army  Chemical  School,  Taiwan. 

1 996- 1997  Research  Assistant,  Institute  of  Immunology  &  Microbiology,  National  Yang-Ming  University,  Taiwan. 

1997- 1998  Technician,  Institute  of  Neurology,  Veterans  General  Hospital-Taipei,  Taiwan. 

1 998- 1999  Chemist,  Drug  Abuse  Urinalysis  Lab-Taipei.,  SGS  Taiwan  Ltd.,  Taiwan. 

1 999- 2000  Senior  Auditor,  Quality  Assurance  Unit,  Protech  Pharmaservices  Corporation,  Taiwan. 

2000- present  Graduate  Research  Assistant,  Department  of  Molecular  and  Cellular  Oncology,  U.T.-M.D.  Anderson  Cancer  Center. 

Honors  and  Awards 

1.  Exchange  Student,  Department  of  Chemistry,  University  of  Delaware,  U.S.A,  92/01  -  92/02 

2.  First  Place  Award,  Chinese  Institute  of  Engineers  (CIE)  1992  Student  Scientific  Paper  Contest.  Thesis  title:  Optimization  of 
Ionic  Composition  in  Protein  Analysis  with  Capillary  Zone  Electrophoresis 

3.  Dr.  Li-Yang  Shen’s  Graduate  Student  Scholarship  in  1995,  National  Yang-Ming  University 

Publication 


1 .  Lin  CT,  Day  CP,  Kuei  CH.  Application  of  on-line  SFC/SFE  in  environmental  analysis.  J.  Chi.  Chem.  Soc.,  1993, 40, 121-129 

2.  Lin  YJ,  Hu  JY,  Day  CP,  Ho  YH,  Lin  WC,  Wu  PL,  Kuei  CH.  The  analysis  of  conjugated  bile  acids  with  micellar  eletrokinetic 
chromatography.  J.  Microcolumn  Separations ,  1998, 10,  625-632 


1 


Chi -Ping  Day 


Transcriptional  Activation  of  IKKa/IKKp  by  Integrin  Linked  Kinase 
in  HER2/neu-mediated  NF-kB  activation  Pathway 

Abstract 

Activation  of  nuclear  transcription  factor  NF-kappaB  by  tyrosine  kinase  receptors 
induces  resistance  to  apoptotic  stimuli.  Akt  is  involved  in  HER2/neu-  or  PDGF- 
mediated  NF-kappaB  activation1’2.  In  this  proposal,  we  ask:  (1)  How  does  HER2/neu 
regulate  integrin-linked  kinase  (ELK),  which  is  known  to  involved  in  integrin 
signaling,  and  the  NF-kB  pathway  in  breast  tumor  cells?  (2)  May  the  activation  of 
ILK  and  IKK  correlate  with  the  pathogenesis  of  breast  cancer?  First,  we  will  examine 
the  interaction  between  HER2/neu  and  ELK.  Second,  we  will  investigate  the  effect  of 
blocking  the  ILK  pathway  on  HER2/neu-induced  resistance  to  apoptosis.  The 
preliminary  data  showed  that  HER2/neu  activated  ILK.  Blocking  the  ILK  pathway 
with  a  dominant-negative  ELK  (ELK-KD)  sensitized  the  HER2/neu-overexpressing 
cells  to  TNF-induced  apoptosis,  and  inhibit  the  activation  of  NF-kB.  We  will  continue 
to  study  the  mechanism  of  ELK-mediated  regulation  of  NF-kB  pathway  in  HER2/neu- 
overexpressing  cells  by  treating  the  cells  with  tyrosine  kinase  inhibitor  and  PI-3K 
inhibitor.  The  effects  of  ILK  inactivation  on  the  expression  of  IKKa  and  IKKp  will 
also  be  examined.  The  immunohistochemical  analysis  of  HER2/neu,  ELK,  IKKa  and 
IKKp  will  also  be  performed  to  determine  pathological  significance  and  correlation. 


Curriculum  Vitae 


Kristine  Sue  Klos 

MD  Anderson  Cancer  Center 
Department  of  Surgical  Oncology  Box  107 
1515  Holcombe  Blvd. 

Houston,  TX  77030 
713-794-1233 

kklos@gsbs3.gs.uth.tmc.edu 


Education: 

University  of  Minnesota  B.S.  Biology 

University  of  Texas-Houston  Health  Science  Center 
Graduate  School  of  Biomedical  Sciences 
Advisor:  Dihua  Yu,  M.D.,  Ph.D. 

(M.S.)Ph.D.  Program 


Training: 

University  of  Minnesota 

Directed  Research 

Advisor:  Robert  G.  McKinnell,  Ph.D. 

Thesis:  Heart  Primordia  Transplants  in  Amphibian  Embryos 
Presentations:  Poster  at  the  "College  of  Biological  Sciences 
Undergraduate  Research  Symposium" 


Junior  Scientist 

Genetics  and  Cell  Biology  Department 
R.G.  McKinnell  Laboratory 

enucleated  amphibian  oocytes  for  nuclear  transplantation  of 
R.  pipiens  renal  carcinoma  cells,  transplanted  frog  embryo 
tissues,  tissue  culture,  autopsied  frogs  with  physical  deformities, 
fieldwork  in  MN  frog  population  studies 
Presentations:  Frog  Deformities 

Blessed  Trinity  Middle  School  Richfield,  MN 

Hot  Topics  in  Science:  Cloning  and  Frog  Deformities 

Valley  View  Middle  School  Edina,  MN 


1990-1995 

1998- 


1994-1995 


1996-1998 


1997 


1997 


Kristine  Sue  Klos 


University  of  Texas  -  GSBS 
Tutorials 

Advisors:  Dr.  Elizabeth  Grimm  -  Cancer  Biology 

Immunohistochemistry  on  melanoma  cells 
Dr.  Dihua  Yu  -  Surgical  Oncology 

ErbB2  expression  in  breast  cancer  cells 
Dr.  Sharon  Roth  -  Biochemistry  and  Molecular  Biology 
Histone  mutations  and  the  cell  cycle  in  yeast 


1998-1999 


Other  Experience: 

University  of  Minnesota 
Teaching  Assistant 

Undergraduate  Cancer  Biology  Course 

Administrative  Assistant 

International  Society  of  Differentiation 


1997-1998 

1997-1998 


Abstracts: 


McKinnell,  R.G.,  Klos,  K.,  Christ,  C.,  Rollins-Smith,  L.A.,  and  Kowles,  R. 

"Functional  hearts  derived  from  mitotic  progeny  of  a  renal  carcinoma  genome."  Proceedings 
of  the  American  Association  for  Cancer  Research.  Volume  37  March  1996 

Tan,  M.,  Klos,  K„  Grijalva,  R.,  and  Yu,  D.  “Heregulin  pi -activated  ErbB2  Receptor  Signaling 
and  Human  Breast  Cancer  Cell  Aggregation,  Invasion,  and  Metastasis.” 

Keystone  Symposia  on  Molecular  and  Cellular  Biology,  2000 


Publications: 


Yao,  J„  Xiong,  S.,  Klos,  K.,  Nguyen,  N.,  Grijalva,  R„  and  Yu,  D.  “Multiple  signaling 
pathways  involved  in  activation  of  matrix  metalloproteinase-9  (MMP-9)  by  heregulin-pi  in 
human  breast  cancer  cells”.  Oncogene,  In  press,  2001. 

Lee,  S„  Sellappan,  S.,  Klos,  K.,  Sliwkowski,  M„  Hortobagyi,  G.,  Hung,  M.-C.,  and  Yu,  D. 
“Superior  sensitization  of  HER2-overexpressing  breast  cancer  cells  to  Taxol  by  Herce’ptin 
pretreatment  priming  cells  to  apoptosis”.  Cancer  Research,  Submitted,  2001 


Honors  and  Awards: 

Predoctoral  Fellow  -  US  Army  Breast  Cancer  Research  Training  Grant 


1999-2001 


Kristine  Sue  Klos 


ABSTRACT 

The  erbB2  (or  HER2,  neu)  gene-encoded  receptor  tyrosine  kinase  (RTK)  belongs  to  the  EGF 
receptor  family.  ErbB2  overexpression  correlates  with  poor  prognosis  and  the  number  of  lymph  node 
metastases  in  breast  cancer  patients.  Previously,  our  laboratory  found  that  stable  transfection  of  the  human 
erbB2  gene  into  the  low  erbB 2 - expres sing  MDA-MB-435  human  breast  cancer  cells  (named  435. eB 
transfectants)  enhanced  the  intrinsic  metastatic  potential  of  these  cells.  Furthermore,  erbB2  overexpression 
in  breast  cancer  cells  has  now  been  shown  to  upregulate  VEGF,  a  biological  marker  for  angiogenesis. 
Despite  the  well-established  notion  that  erbB2  enhances  metastasis  of  breast  cancer  cells,  and  the 
acceptance  that  erbB2  overexpression  mediates  angiogenesis,  little  is  known  about  the  underlying 
molecular  mechanisms.  Since  erbB2  overexpression  has  been  found  in  ~  30%  of  breast  tumors,  it  is  very 
important  to  examine  the  molecular  mechanisms  underlying  erbB2-mediated  angiogenesis,  and  thus, 
metastasis. 

Our  laboratory  has  found  that  erbB2  overexpression  in  435. eB  transfectants  led  to  increased  cell 
invasion,  matrix  metalloprotease  (MMP)-2/MMP-9  activities,  vascular  endothelial  growth  factor  (VEGF) 
secretion,  and  apoptosis  resistance.  Furthermore,  we  have  found  that  by  using  various  mutants  of  the 
erbB2  receptor,  we  see  various  amounts  of  metastasis  and  VEGF  secretion.  We  hypothesize  that  erbB2 
overexpression  can  enhance  the  RTK  signaling  capacity  that  elicits  these  effects,  which  all  can  contribute 
to  enhanced  metastatic  potential.  Recent  studies  indicate  that  angiogenic  responses  are  very  important  in 
promoting  cancer  metastasis.  This  fellowship  application  focuses  on  experimental  approaches  to  elucidate 
the  requirement  of  the  erbB2  receptor  signaling  leading  to  the  angiogenic  effect  of  erbB2.  Using  these 
various  mutants  of  the  erbB2  receptor,  I  will  determine  the  structural  requirements  of  the  tyrosine  kinase 
domain  and  tyrosine  autophosphoiylation  sites  in  the  erbB2  receptor  for  mediating  signals  leading  to  cell 
invasion,  MMP-9  activity,  (MMP-9  is  known  to  facilitate  angiogenesis),  angiogenesis,  and  ultimately, 
metastasis  in  an  animal  model  (mammaiy  fat  pad  injection  of  various  erbB2  mutant  transfected  MDA-MB- 
435  cells)  of  breast  cancer  metastasis.  I  will  also  investigate  the  involvement  of  erbB2  downstream 
signaling  in  the  angiogenic  effects  of  erbB2  by  biochemical  and  genetic  manipulations  of  the  signaling 
molecules  in  breast  cancer  cells. 

The  completion  of  the  experiments  outlined  in  this  application  will  provide  the  first  detailed 
analysis  of  the  relationship  between  erbB2  signal  transduction  and  angiogenic  effects  in  human  breast 
cancer  cells,  and  ultimately  will  identify  critical  points  in  the  signaling  pathways  for  future  intervention  of 
erbB2-mediated  metastasis. 


BIOGRAPHICAL  SKETCH 


(Ph.D.  program) 


EDUCATION/TRAINING  (Begin  with  baccalaureate  or  other  initial  professional  education,  such  as  nursing,  and  include  postdoctoral  training.) 


INSTITUTION  AND  LOCATION 

DEGREE 
(if  applicable) 

YEAR(s) 

FIELD  OF  STUDY 

National  Taiwan  University,  Taipei,  Taiwan 

Univ.  of  Texas  Health  Science  Center,  Houston, 

M.D. 

09/90  -  06/97 

08/99  -  now 

Medicine 

Molecular  and  Cellular 
Oncology 

RESEARCH  AND  PROFESSIONAL  EXPERIENCE:  Concluding  with  present  position,  list,  in  chronological  order,  previous  employment,  experience,  and 
honors.  Include  present  membership  on  any  Federal  Government  public  advisory  committee.  List,  in  chronological  order,  the  titles,  all  authors,  and  complete 
references  to  all  publications  during  the  past  three  years  and  to  representative  earlier  publications  pertinent  to  this  application.  If  the  list  of  publications  in 
the  last  3  years  exceeds  two  pages,  select  the  most  pertinent  publications.  PAGE  LIMITATIONS  APPLY.  DO  NOT  EXCEED  3  PAGES  FOR  THE  ENTIRE 
BIBLIOGRAPHICAL  SKETCH  PER  INVESSTIGATOR. 


Education 

09/90-07/97:  National  Taiwan  University,  College  of  Medicine,  Taipei,  Taiwan;  M.D.  degree 

06/97:  passed  Taiwan  Medical  License  Examination 

10/98:  took  TOEFL;  Score:  643  (Sec.1:  64,  Sec.2:  65,  Sec.3:  64) 

1 1/98:  took  GRE  General  Test;  Score:  2060  (V:  550/73%,  Q:  800/99%,  A:  710/88%) 

12/98:  took  GRE  Subject  Test;  Subject:  Biochemistry,  Cell  and  Molecular  Biology; 

Score:  620/80% 

08/99-now:  Graduate  Student,  Graduate  School  of  Biomedical  Sciences,  University  of  Texas- 
Health  Science  Center  at  Houston 


Personal  Position 

09/90-06/92:  Social  Chairperson  of  the  class  97,  Department  of  Medicine,  National  Taiwan 
University 

06/96-06/97:  Intern  doctor,  National  Taiwan  University  Hospital,  Taipei,  Taiwan 
07/97-09/98:  Medical  officer,  Air  Force,  Republic  of  China,  Taiwan 


Kang-hsueh  Lan 

RESEARCH  AND  PROFESSIONAL  EXPERIENCE  (continued).  PAGE  LIMITATIONS  APPLY.  DO  NOT  EXCEED  THREE  PAGES  FOR  THE 
ENTIRE  BIBLIOGRAPHICAL  SKETCH  PER  INVESTIGATOR. 


Research  Experience 

Summer/95:  Summer  student  in  Dr.  Chia-Li  Yu's  laboratory  at  National  Yang-Ming  University, 
Taipei,  Taiwan 

12/98-02/99:  Research  assistant  in  Professor  Omata’s  laboratory  at  Tokyo  University, 

Tokyo,  Japan 

04/99-06/99:  Summer  student  in  Professor  Pei-Jer  Chen's  laboratory  at  National  Taiwan 
University,  Taipei,  Taiwan 

08/99-12/99:  Tutorial  student  in  Dr.  Sue-Hwa  Lin's  laboratory  at  the  University  of  Texas,  M.D. 

Anderson  Cancer  Center;  Project:  The  Expression  Profile  Study  of  CEA-CAM 
Transfectants  using  Subtractive  Hybridization  Techniques 
12/99-03/00:  Tutorial  student  in  Dr.  Mien-Chie  Hung's  laboratory  at  the  University  of  Texas,  M.D. 

Anderson  Cancer  Center;  Project:  Activation  of  Akt  by  ErbB2 
03/00-now:  Tutorial  student  in  Dr.  Dihua  Yu's  laboratory  at  the  University  of  Texas,  M.D. 

Anderson  Cancer  Center;  Project:  Mechanisms  of  p34Cdc2  Inhibition  by  ErbB2  that 
Confer  Taxol  Resistance  in  Breast  Cancers 


Publication 


Jing,  T.,  Tan,  M.,  Lee,  S.,  Lan,  K.-H.,  Nagata,  Y.,  Li,  P.,  Liu,  J.,  Arlinghaus,  R.,  Hung,  M.-C.,  Yu,  D. 
Direct  Phosphorylation  on  Tyrosine-15  of  p34Cdc2  by  erbB2  Receptor  Tyrosine  Kinase  Inhibits  p34Cdc2 
Activation,  ( Nature  Cell  Biol,  under  review),  2001 


Proposal  Abstract 


Lan,  Keng-hsueh 


Title  of  the  proposal:  Peptide  Therapeutics  for  Breast  Cancers 

It  has  been  recognized  that  the  next  frontier  in  molecular  medicine  is  the  delivery  of 
therapeutics.  Among  the  biological  therapeutics,  peptide/protein  is  especially  challenging  to  deliver. 
Interestingly,  a  peptide  sequence  localized  within  a  13-amino  acid  domain  of  Tat  (named  "penetratin''), 
when  linked  to  other  peptides/proteins,  was  able  to  carry  attached  peptide/protein  into  the  cells  when 
they  were  added  to  cell  culture  medium.  The  penetratin  system  is  very  powerful  in  that  more  than 
1,000,000  molecules  can  be  delivered  inside  one  single  cell.  We  hypothesize  that  the  unique  property 
of  penetratin  can  be  utilized  for  delivery  of  therapeutic  peptides/proteins.  The  major  goal  of  this 
proposal  is  to  develop  a  penetratin-based  peptide  delivery  system  that  specifically  targets  erbB2- 
overexpressing  breast  cancer  cells. 

Overexpression  of  erbB2-encoded  receptor  tyrosine  kinase  (pi  85)  was  found  in  ~  30%  of  breast 
cancers.  Many  studies  (including  our  own)  demonstrated  that  erbB2  overexpression  in  breast  cancer 
cells  can  enhance  their  metastatic  potential  and  confer  upon  them  increased  chemoresistance,  thereby 
leading  to  poor  clinical  outcome.  Hence  erbBl  is  an  excellent  target  for  the  development  of  novel 
breast  cancers  therapies.  However,  despite  exciting  progress  in  the  biology  underlying  the  role  of 
erbB2  overexpression  in  breast  cancer  metastasis  and  chemoresistance,  development  of  new  therapies 
for  breast  cancers  is  still  lagging  behind.  This  application  will  employ  a  novel  approach  of  using  an 
erbB2  extracellular  domain  (ECD)-binding  peptide  to  achieve  targeted  delivery  of  therapeutic  peptides 
specifically  into  erbB2-overexpressing  breast  cancer  cells. 

The  therapeutic  peptide  used  in  this  proposal  will  be  tyrosine-phosphorylated  peptides  that 
correspond  to  She  binding  sites  in  the  C-terminal  domain  of  erbB2.  The  peptides  should  specifically 
interfere  with  the  association  between  tyrosine  phosphorylated  erbB2  and  She.  Since  erbB2-Shc 
association  leads  to  subsequent  activation  of  the  Shc~>ERK  pathway  that  contributes  to  increased 
invasion/metastasis  and  chemoresistance  in  the  erbB2-overexpressing  breast  cancer  cells,  interference 
with  this  association  should  block  the  activation  of  the  erbB2-Shc  downstream  pathway  and  provide 
therapeutic  benefits  for  erbB2-overexpressing  breast  cancer  cells.  Alternatively,  our  lab  has  recently 
found  that  14-3-3zeta  is  a  critical  downstream  mediator  required  for  erbB2-mediated  transformation. 
Therefore,  we  can  deliver  R18  peptide,  a  14-3-3  inhibitor,  to  block  erbB2  transformation  signal  and 
inhibit  erbB2-mediated  breast  cancer  progression/metastasis.  The  specific  aims  of  the  proposal  are: 

1 .  To  develop  penetratin-based  delivery  system  specifically  targeting  erbB2-overexpressing 
breast  cancer  cells.  We  will  use  the  anti-Her2/neu  peptide  mimetic  (AHNP),  which  was  developed 
based  on  a  humanized  anti-erbB2  monoclonal  antibody,  Herceptin.  AHNP  will  be  synthesized  in 
conjunction  with  penetratin  (penetratin-AHNP).  The  resultant  peptides  will  be  tested  for  increased 
delivery  specificity  to  erbB2-overexpressing  breast  cancer  cells. 

2.  To  test  the  effect  of  erbB2  signal-blocking  peptides  using  penetratin  delivery.  Phospho- 
peptides  derived  from  the  C-terminal  domain  of  erbB2  that  correspond  to  the  binding  sites  for  She  will 
be  conjugated  to  the  penetratin  delivery  system  developed  in  Aim  1.  The  resultant  peptides  will  be 
tested  for  their  ability  to  translocate  inside  breast  cancer  cells  and  to  block  erbB2  signaling.  If  these 
tests  demonstrate  positive  results,  we  will  further  test  the  inhibitory  effects  of  these  peptides  on 
invasion  and  chemoresistance  of  erbB2-overexpressing  breast  cancer  cells.  In  addition,  R18  peptides 
will  be  conjugated  to  the  penetratin-AHNP  and  tested  for  translocation  and  inhibition  of  ErbB2- 
overexpressing  breast  cancer  cells. 

We  hope  that  the  innovative  approaches  of  this  proposal  will  bring  original  and  important 
contributions  to  targeted  delivery  of  therapeutic  peptides. 


Predoctoral  Traineeship  Applicant:  Yan  Li 


Biographical  Sketches 


Provide  the  following  information  for  the  key  personnel  listed  on  page  1  of  the  Detailed  Cost  Estimate  form  (see  Appendix  F)  for  the 
initial  budget  period. 

name  Yan  Li  position  title  Graduate  Research  Assistant 


Education/Training  (Begin  with  baccalaureate  or  other  initial  professional  education,  such  as  nursing,  and  include  postdoctoral  training.) 


Institution  and  Location 

Degree 

(IF  APPLICABLE) 

Year(s) 

Field  of  Study 

Zhejiang  University,  China 

Bachelor  of  Medicine 

1990-1995 

Medicine 

Peking  Union  Medical  College,  China 

Doctor  of  Medicine 

1995-1998 

Medicine 
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ABSTRACT 


Predoctoral  Traineeship  Applicant:  Yan  Li. 


Targeting  Breast  Cancer  by  Cancer-Specific  Recombinase-Mediated  Transgene  Expression 

Yan  Li.,  DOD  Predoctoral  Traineeship  Applicant 

Background:  With  one  million  new  cases  in  the  world  each  year,  breast  cancer  is  the  most  common 
malignancy  in  woman  and  accounts  for  about  30%  of  all  cancer  diagnosed  in  U.S.  Gene  therapy  is 
one  of  the  novel  and  promising  approaches  to  treat  breast  cancer  based  on  molecular  mechanism  and 
pathophysiology.  One  of  the  most  important  difficulties  facing  breast  cancer  gene  therapy  is  to 
generate  tumor-specific  treatment  to  achieve  greater  anti-tumor  activity  with  less  toxicity.  However, 
many  tumor  specific  promoters  are  too  weak  to  achieve  sufficient  therapeutic  effect.  The  current 
proposal  will  aim  at  this  weakness  by  developing  cancer-specific  recombinase-mediated  gene  therapy 
methods.  Success  of  this  proposal  may  provide  an  efficient  therapeutic  approach  to  benefit  breast 
cancer  patients. 

Objective/Hypothesis:  The  goal  of  this  research  project  is  to  apply  a  recombinase  system  FLP/FRT 
to  achieve  sufficient  cancer-specific  transgenic  expression  in  breast  cancer,  which  is  switched  by 
Human  telomerase  reverse  transcriptase  promoter  (hTERTP).  We  can  also  modify  this  system  by 
combining  it  with  either  inducible  heat  shock  protein  70  promoter  (HSP70P)  to  achieve  heat-directed 
cancer-specific  transgene  expression  in  the  site  of  primer  breast  cancer  or  metastasis  lesions  or  HER- 
2/neu  promoter  to  further  restrict  transgene  expression  in  HER-2/neu  overexpressing  breast  cancer, 
which  depends  on  the  therapeutic  purpose. 

Specific  Aims.  (1)  To  test  the  efficiency  of  the  FLP/FRT  recombinase-mediated  transgene  expression 
in  breast  cancer  cells  switched  by  cancer  specific  hTERT  promoter.  (2)  To  develop  heat-inducible 
cancer-specific  transgene  expression  driven  by  HSP70  switched  by  the  hTERTP-controlled  FLP/FRT 
system.  (3)  To  develop  the  specific  transgene  expression  in  HER2/neu  overexpressing  breast  cancer 
cells  driven  by  HER-2/neu  promoter  switched  by  the  hTERTP-controlled  FLP/FRT  system.  (4)  To 
test  the  above  cancer-specific  FLPe-mediated  transgene  expression  systems  in  breast  tumor  model  in 
vivo. 

Study  Design:  We  will  construct  the  single  vector  containing  promoter  and  switch  system:  hTERT 
promoter  will  induce  FLPe-mediated  excision  of  an  FRT-flanked  stop  cassette  in  a  silenced 
expression  vector.  This  will  result  in  amplified  levels  of  CMV  promoter-driven  expression  of 
exogenous  reporter  gene  and  the  pre-apoptotic  bik  gene.  At  first  we  will  test  the  recombination 
efficiency  of  our  system.  Then  we  will  study  the  cancer-specific  reporter  gene  expression  and  bik 
therapeutic  effect  in  vitro  and  in  vivo  delivered  by  cationic  liposome.  According  to  the  therapeutic 
purpose,  we  will  replace  the  CMV  promoter  with  either  inducible  heat  shock  protein  70  (HSP70) 
promoter,  to  achieve  heat-directed  cancer-specific  transgene  expression,  or  HER-2/neu  promoter,  to 
further  restrict  transgene  expression  in  HER-2/neu  overexpressing  breast  cancer. 

Relevance:  Common  tumor  specific  promoters  are  too  weak  to  drive  sufficient  and  specific 
therapeutic  effects  in  breast  cancer.  Our  proposal  aims  at  the  common  weakness  by  developing  a 
cancer-specific  recombinase-mediated  gene  therapy  approach.  The  outcome  of  the  tumor  specific 
promoters  operating  FLP/FRT  system  proposal  will  provide  important  ground  work  for  further 
exploring  the  possibility  of  targeting  cancer  therapy:  specific  and  sufficient  therapeutic  effects  in 
cancer  cells  with  minimal  side  effects  and  toxic  effects  to  normal  cells. 
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Proposal  Abstract 


a.  Specific  Aims 

The  14-3-3  proteins  are  a  family  of  ubiquitously  expressed  acidic  proteins  which  are  highly  conserved  through 
evolution.  Currently,  there  are  nine  14-3-3  isoforms  in  human.  14-3-3  can  bind  to  various  proteins  involved  in 
many  important  cellular  processes  in  a  phospho-serine-dependent  manner.  14-3-3  has  been  implicated  to 
function  in  the  cell  cycle  G2/M  DNA  damage  checkpoint,  cell  growth,  differentiation,  transformation,  and 
apoptosis.  Furthermore,  14-3-3  proteins  can  interact  with  tumor  suppressors  and  oncoproteins  such  as  p53,  Bcr, 
and  the  middle  T  antigen  of  the  polyoma  virus  suggesting  certain  roles  for  14-3-3  in  oncogenesis.  Recently,  our 
new  findings  indicate  that  (a)  14-3-3zeta  is  overexpressed  in  >70%  human  primary  breast  tumors  and  in  most 
breast  cancer  cell  lines;  (b)  overexpression  of  14-3-3zeta  increased  colony  formation  in  soft  agar,  suppressed 
apoptosis  and  increased  foci  formation  in  combination  with  activated  Ras;  and  (c)  the  14-3-3AN  dominant 
negative  mutant  impacted  transformation  and  metastasis-related  properties.  Thus,  we  hypothesize  that  14-3- 
3zeta  facilitates  breast  cancer  progression/metastasis  by  regulating  specific  metastasis-related  properties. 
Overexpression  of  14-3-3  may  promote  metastasis  by  increased  colonization  in  target  organ  sites,  resistance  to 
stress-induced  apoptosis  during  tumor  cell  dissemination,  and  decreased  aggregation  (increased  dissemination). 
On  the  other  hand,  14-3-3  dominant  negative  mutants  may  interfere  with  wt  14-3-3  function  and  inhibit 
metastasis.  The  specific  aims  of  this  proposal  are: 

1.  To  investigate  the  biological  role  of  14-3-3  in  breast  cancer  cells  in  vitro. 

First,  we  will  transfect  into  MDA-MB-435  breast  cancer  cells  HA-tagged  14-3-3FL,  14-3-3AN,  14-3-3AC, 
14-3-3K49E,  14-3-3R56,60A  constructs  and  empty  vectors  in  a  neomycin  resistant  system  to  establish  stable 
transfectants.  We  will  then  examine  these  transfectants  for  cell  growth,  apoptosis,  aggregation,  and  their  growth 
in  hard  agar,  which  has  previously  been  shown  to  correlate  well  with  in  vivo  metastatic  potential. 

2.  To  identify  effective  blocking  reagents  of  14-3-3  to  inhibit  breast  cancer  tumorigenicity/metastasis. 
Since  our  studies  have  demonstrated  that  14-3-3  indeed  plays  an  important  role  in  promoting  breast  cancer 
tumorigenicity/metastasis,  we  will  develop  various  reagents  that  block  14-3-3  functions.  To  this  end,  we  will 
make  14-3-3  dominant  negative  mutants  (AN,  AC,  K49E,  R56,60A  )  and  a  blocking  peptide,  R18.  We  will  then 
test  these  mutants  and  blocking  peptide  for  transformation/metastasis  inhibitory  effects  in  MDA-MB-435  breast 
cancer  cells. 

3.  To  determine  the  tumorigenic  and  metastatic  potential  of  14-3-3  transfectants  in  vivo. 

We  will  compare  the  ability  of  the  14-3-3FL,  14-3-3AN,  14-3-3AC,  14-3-3K49E,  14-3-3R56,60A  transfectants  to 
induce  tumors  and  metastases  in  ICR-SCID  mice.  We  will  perform  (a)  experimental  metastasis  assays  by 
injecting  cells  into  the  tail  vein  of  the  mice,  and  (b)  tumorgenicity/spontaneous  metastasis  assays  by  injecting 
cells  to  the  mammary  fat  pad  of  the  mice. 

To  the  best  of  our  knowledge,  there  is  no  previous  report  on  14-3-3  overexpression  in  breast  cancers. 
Moreover,  the  consequence  of  14-3-3  overexpression  in  human  breast  cancers,  especially  in  breast  cancer 
metastasis,  has  never  been  investigated.  14-3-3  is  overexpressed  in  >70%  of  breast  tumors,  whereas  the  currently 
intensively  studied  genes  in  breast  cancers,  such  as  p53,  erbB2,  BRCA1  and  BRCA2,  do  not  affect  breast  cancers 
at  this  high  rate.  Thus,  it  is  imperative  to  investigate  the  unexplored  area  of  the  role  of  14-3-3  in  breast  cancer 
tumorigenicity/metastasis.  The  pursuance  of  this  proposal  will  bring  original  and  important  contributions  to  this 
unexplored  area.  It  will  bring  timely  findings  regarding  the  role  of  14-3-3  in  breast  cancers  and  ways  to  block  the 
function  of  overexpressed  14-3-3  in  breast  cancers. 
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Abstract 

HERlIneu  expression  in  a  breast  cancer  biopsy  indicates  poor  prognosis  due  to  likely 
metastasis.  A  vaccine  targeting  HER2/«ew  could  have  significant  therapeutic  and 
preventative  application  by  controlling  the  growth  and  spread  of  the  highly  aggressive 
HER2/neu+  cells.  The  most  recent  findings  for  DNA  vaccines  indicate  that  maximum 
effectiveness  is  achieved  using  a  Prime-Boost  strategy  in  which  a  plasmid  containing  the 
gene  of  interest  is  used  as  the  priming  vaccine  and  a  crippled  virus,  also  containing  the 
gene,  is  use  for  the  boosting  vaccination.  We  are  trying  to  test  here  if  a  primary 
vaccination  with  the  plasmid  ELVIS-neu  and  secondary  vaccination  with  VPR-«ew  (Viral 
Particle  Replicon  of  Sindbis  Virus)  or  Adeno -neu  (  replication  deficient  adenovirus)  can 
be  used  as  a  therapeutic  vaccine  for  women  with  HER2/«e«+  breast  cancer. 

Specific  Aims:  1)  To  test  in  mice  the  hypothesis  that  vaccination  with  ELVIS  -neu  will  be 
non-toxic  and  generate  measurable  humoral  and  cellular  immunity  2)  To  test  in  mice  the 
hypothesis  that  vaccination  with  either  VPR-ra?w  or  Adeno  -neu  will  be  non-toxic  and 
generate  measurable  humoral  and  cellular  immunity  3)  To  test  in  mice  the  hypothesis  that 
primary  vaccination  with  ELVIS-»ew  followed  by  secondary  vaccination  with  either 
VPR -neu  or  Adeno-«ew  will  be  more  effective  than  any  of  these  three  agents  used  alone 
for  both  primary  and  secondary  vaccination  4)  To  test  the  hypothesis  that  vaccination 
with  ELVIS-«ew  will  be  non-toxic  and  generate  measurable  humoral  and  cellular 
immunity  in  breast  cancer  patients  with  responding  disease  and  at  high  risk  for  disease 
recurrence.  If  the  phase  lb  clinical  trial  in  Specific  Aim  4  show  that  ELVIS2 -neu  is 
effective  as  a  therapeutic  vaccine  for  women  with  breast  cancer  and  animal  testing 
supports  the  hypothesis  described  in  Specific  Aim  3,  we  would  propose  another  Phase  lb 
clinical  trial  to  test  primary  vaccination  with  ELVIS2-MCW  and  secondary  vaccination 
with  VPR -neu  or  Adeno-wew  as  a  therapeutic  vaccine  for  women  with  HER2/«ew+  breast 
cancer. 

Study  design:  ELVIS-neu  DNA  plasmid  or  VPR -neu  or  Adeno  -neu  or  LLVLS-neu  DNA 
plasmid  followed  by  VPR -neu  or  Adeno  -neu  will  be  given  to  the  mice  weeks  before  the 
mice  are  challenged  with  the  highly  aggressive  A2L2  tumor  cell,  which  is  a  mouse  breast 
cancer  cell  line  that  has  been  transfected  with  neu  and  highly  expresses  neu  antigen  on  its 
surface.  A2L2  cells  would  be  injected  intravenously  or  into  mammary  fat  pad  to  test  the 
value  of  the  vaccine  for  tumor  prevention.  ELVIS  -neu  DNA  plasmid  or  VPR -neu  or 
Adeno-wew  or  LLV\S2-neu  DNA  plasmid  followed  by  VPR -neu  or  Adeno-new  will  also 
be  given  to  the  mice  whose  tumor  are  surgically  removed  three  weeks  after  the  mice  are 
injected  with  A2L2  cells  in  the  mammary  fat  pad  to  test  the  therapeutic  value  of  the 
vaccine.  Flow  cytometry  and  IFN-y  releasing  assay  will  be  used  to  test  the  humoral  and 
CTL  response  induced  by  the  vaccines.  Our  final  goal  is  a  phase  lb  clinical  trial  using  a 
two  stage  vaccine  approach  in  which  primary  vaccination  with  plasmid  is  followed  by 
“booster”  injections  of  either  Adeno -neu  or  VPR -neu  depending  on  the  preclinical 
studies. 


Biographical  Sketch  -  Applicant 


Geoffrey  Bartholomeusz 


Name 


Position  Title 


Geoffrey  A.  Bartholomeusz 


Postdoctoral  Fellow 


Education/Training  (Begin  with  baccalaureate  or  other  initial  professional  education,  such  as  nursing,  and  include  post-doctoral  training.) 


Institution  and  Location 

Degree 
(if  applicable) 

Year(s) 

Field  of  Study 

University  of  Zambia,  Lusaka.  Zambia 

Bsc 

1984 

Human 

University  of  Zambia,  Lusaka.  Zambia 

Msc 

1988 

Biology 

Medical. 

Rochester  Institute  of  Technology,  Rochester,  N.Y. 

Msc 

1990 

Microbiol 

Clinical 

University  of  Oklahoma ,  Norman,  Oklahoma 

Ph.D. 

1998 

Chemistry 

Microbiol 

University  of  Texas  M.D.  Anderson  Cancer  Center 

Predoctoral. 

1997-1998 

Molecular 

Houston  TX. 

University  of  Texas  M.D.Anderson  Cancer  Center 

Postdoctoral 

1998-1999 

Genetics 

Molecular 

Houston  TX. 

University  of  Texas  M.D.Anderson  Cancer  Center 

Postdoctoral 

1999-present 

Genetics 

Oncogene 

Houston  TX 

RESEARCH  AND  PROFESSIONAL  EXPERIENCE:  Concluding  with  present  position,  list,  in  chronological  order, 
previous  employment,  experience,  and  honors.  Include  present  membership  on  any  Federal  Government  public  advisory 
committee.  List,  in  chronological  order,  the  titles,  all  authors,  and  complete  references  to  all  publications  during  the  past 
3  years  and  to  representative  earlier  publications  pertinent  to  this  application.  If  the  list  of  publications  in  the  last  3  years 
exceeds  two  pages,  select  the  most  pertinent  publications.  PAGE  LIMITATIONS  APPLY!  DO  NOT  EXCEED  THREE 
PAGES  FOR  THE  ENTIRE  BIOGRAPHICAL  SKETCH  PER  INVESTIGATOR 


Professional  Experience 

1981-1983  Undergraduate  Research  Assaitant,  University  of  Zambia, 
Sciences. 


Department  of  Biological 


1984-1985 

1988-1989 

1988- 1990 

1989- 1990 
1994-1996 
1997-1998 

1989-1999 


1999-present 


Medical  Student  Assistant,  University  of  Zambia  Teaching  Hospital. 

Research  Assistant  Rochester  General  Hospital,  Department  of  Surgery. 

Research  Assistant  Rochester  Institute  of  Technology,  Department  of  Clinical 
Chemistry. 

Lab  Technician,  University  of  Rochester  Department  of  Biology. 

Graduate  Research  Assistant  University  of  Oklahoma  Depertment  of  Microbiology. 
Predoctoral  fellow, Department  of  Molecular  Genetics,  U.T.  M.D.  Anderson  Cancer 
Center,  Houston, TX. 

Postdoctoral  fellow,  Department  of  Molecular  Genetics,  U.T.  M.D.Andercon  Cancer 
Center,  Houston  TX. 

Postdoctoral  felow  Department  of  Molecular  and  Cellular  Oncology,  M.D.  Anderson 
Cancer  Center,  Houston,  TX. 


Geoffrey  Bartholomeusz 


Scholarships 

1988- 1989  Rochester  General  Hospital  Fellowship. 

1989- 1990  RIT  Graduate  Scholarship. 

1 992- 1 996  OU  Graduate  College  Fee  Waiver  Scholarship 

Memberships 

1 994- 1 995  University  of  Oklahoma  Student  Senator  and  Ways  and  Means  Committee. 

1996- 1 998  University  of  Oklahoma  School  of  Arts  and  Science,  Budget  Committee. 

1 998- present  American  Association  for  the  Advancement  of  Science  (AAAS) 

1999- present  American  Society  for  Gene  therapy  (ASGT) 

Publications  and  Presentations 

•  Bao,S.,  Qyang,T.,  Yang,P.,  Kim,HW.,  Bartholomeusz, G.  Henkel, J.,  Pimental,R.,  Verde, F., and 
Marcus,S.  “The  Highly  Conserved  Protein  Methyltransferase,Skbl  ,is  a  Mediator  of  Hyperosmotic 
Stress  in  the  Fission  Yeast  Schizosaccharomyces  pombe”  J.BioL.Chem.  276:14549-14552  (2001) 

•  Wen,Y.,  Hu,M.C.T.,  Makino,K.,  Spohn,B.,  Bartholomeusz, G.  Yan,DH.  and  Hung  MC,  “HER-2/neu 
Promotes  Androgen-independent  Survival  and  Growth  of  Prostate  Cancer  through  the  AKT  Pathway” 
Cancer  Research  60:6841-6845  (2000) 

•  (equal  first  author)  Bartholomeusz, G. ,  E.Chang  ,  R.Pimental,  J.Chen,  H.Lai,  Li-hua,  L.Wang.  P.Yang 
and  S. Marcus.  Direct  Binding  and  in-vivo  regulation  of  the  fission  yeast  PAK  Shkl  by  the  SH3  domain 
protein  Scd2.  Mol.Cel.  Biol.  (1999)  19:8066-74 

•  (equal  first  author)  Bartholomeusz  G,  M.Gilbert,  p.Yang, R.A.Pimental,  S.Kansara,  R.Gadiraju  and 
S.Marcus.  Negative  regulation  of  mitosis  in  fission  yeast  by  the  Shkl  interacting  protein  Skbl  and  its 
human  homolog  SkblHs.  (1998)  Proc.Natl.Acad.Sci  USA.  95:14781-6 

•  Bartholomeusz, G.  Y.Zhu  and  J.Downard.  Growth  medium-dependent  regulation  of  Myxococcus 
xanthus  fatty  acid  content  is  controlled  by  the  esg  locus  (1998)  J.Bacteriol.  180:5269-72 

•  Presented  a  talk  titled  “Direct  binding  and  in-vivo  regulation  of  the  fission  yeast  Ste20/PAK 
homolog  Shkl  by  the  Bem-1  related  SH3  domain  protein  Scd2  at  the  Yeast  Cell  Biology  meeting  at  Cold 
Spring  Harbor  held  on  August  17-22  1999 

•  Presented  evidence  that  a  SH3  domain  protein  Scd2  directly  binds  to  the  fission  yeast  PAK  Shkl 
and  is  in  turn  phosphorylated  by  Shkl  at  the  Genes  and  Development  Spring  Retreat  1999,  at  Mustang 
Island  Texas. 

•  Presented  a  poster  at  the  Myxococcus  xanthus  International  Conference  in  June  1966  titled 
Brancehed  Chain  Amino  Acids  are  substrates  for  Myxococcus  xanthus  lipid  synthesis  by  an  esg- 
dependent  pathway. 

•  Presented:  Evidence  that  Branched-chain  fatty  acids  are  the  esg  signal  of  Myxococcus  xanthus,  at  the 
meeting  of  the  American  Society  of  Microbiology  in  March  1995. 

•  Presented  Analysis  of  the  role  of  the  E-locus  (esg)  in  Myxococcus  xanthus,  at  the  Myxococcus 
xanthus  International  Conference  in  June  1995. 

•  Co-authored  the  paper  on  :  Reproducible  Staphylococcus  aureus  infection  model  in  rats,  presented 
by  Dr.  Francine  Cantor  at  the  33rd  World  Congress  of  Surgery,  Totonto,  Canada  in  September  1989 


Geoffrey  Bartholomusz 

ABSTRACT 

Proposal  Title:  A  Novel  Apoptotic  Molecule  Bok  for  the  Treatment  of  Breast  Cancer 

Geoffrey  A.  Bartholomeusz  -  Applicant  for  the  US  Army  Breast  Cancer  Research  Program  Postdoctoral  Training 

Grant 

Background  Breast  cancer  remains  the  major  cause  of  death  among  women  in  the  United  States.  The  formation  of 
homodimers  or  heterodimers  between  members  of  the  Bcl-2  family  or  their  phosphorylation  by  kinases  is  an  important 
component  of  their  regulation.  Human  Bok  (hBok),  a  pro-apoptotic  Bcl-2  protein,  is  a  potent  inducer  of  apoptosis  when 
ectopically  expressed  in  cancer  cells  including  breast  cancer  cells.  The  apoptotic  function  of  hBok  is  caspase  dependent 
and  is  not  inhibited  by  the  strong  antiapoptotic  protein  Bcl-2.  The  above  properties  of  hBok  makes  it  a  potential  anti¬ 
cancer  agent. 

Objective/hypothesis  Utilization  of  hBok  Induced  Apoptosis  to  Cure  Breast  Cancer  in  a  Telomerase  Dependent 
Manner  We  have  demonstrated  that  hBok  inhibits  survival  of  breast  cancer  cells  and  that  this  function  of  hBok  is 
independent  of  p53  and  is  not  affected  by  high  Her-2  levels  reported  to  correlate  with  poor  survival  for  patients -with 
breast  cancer.  Phosphorylation  of  hBok  may  be  required  for  its  proapoptotic  function.  The  promoter  activity  and 
expression  of  the  catalytic  subunit  of  the  human  telomerase(hTERT)  are  significantly  up  regulated  in  cancer  tissue  and 
cancer  cell  lines  but  stringently  repressed  in  normal  somatic  cells.  The  hTERT  promoter  may  therefore  serve  as  a  tumor 
specific  promoter  to  direct  the  expression  of  hBok  by  systemic  delivery. 

Specific  Aims  (1).  To  investigate  hBok-induced  apoptosis  and  confirm  hBok-mediated  transformation  suppression  in 
breast  cancer  cells.  (2)  To  investigate  the  mechanisms  of  hBok-induced  apoptosis.  (3)  To  develop  a  tumor  specific 
promoter  using  hTERT  promoter  driven  hBok  to  examine  the  pre-clinical  effect  of  hBok  for  breast  cancer  gene  therapy 
Study  Design  We  have  shown  that  hBok  inhibits  survival  of  breast  cancer  cells  and  will  continue  our  investigation  on 
the  therapeutic  potential  of  hBok  by  determining  if  this  effect  is  by  induction  of  apoptosis  and/or  reduction  of  cell 
growth.  A  non-viral  delivery  system  will  be  utilized  to  determine  if  the  expression  of  hBok  in  cancer  cells  affects  their 
cell  growth  rate  (anchorage-dependent  growth  rate)  and  colony  formation  in  soft  agarose  (anchorage-independent  growth 
rate).  To  realize  hBok’s  potential  as  a  therapeutic  agent,  an  understanding  of  the  unique  mechanism  regulating  its 
apoptotic  activity  is  important.  We  have  shown  that  hBok  induced  apoptosis  is  caspase-3-independent  and  will  continue 
to  study  the  role  of  caspases  in  hBok-induced  apoptotsis.  Our  preliminary  results  indicate  that  a  hBok  mutant  with  a 
disrupted  MAP  kinase  substrate  motif  is  somewhat  more  active  than  wildtype.  We  will  identify  the  hBok  associated 
MAP  kinase  and  determine  its  role  in  the  regulation  of  hBok  activity.  It  is  probable  that  nuclear  localization  of  hBok 
may  be  important  for  its  apoptotic  function  (please  see  preliminary  results).  We  will  continue  to  address  this  issue  and 
determine  if  phosphorylation  of  hBok  will  influence  its  nuclear  translocation  and  hence  its  apoptotic  function.  Finally, 
we  will  use  the  non-viral  delivery  system  to  deliver  hBok  into  breast  cancer  cells  in  tumor-bearing  mice.  We  will  use  the 
hTERT  promoter  to  drive  the  expression  of  hBok  with  the  objective  of  expressing  hBok  in  a  tumor  specific  manner. 
Relevance.  By  utilizing  our  knowledge  on  the  mechanisms  involved  in  hBok  regulation  and  apoptotic  function  we 
propose  to  genetically  alter  hBok  into  a  very  potent  proapoptotic  molecule.  We  will  optimize  its  therapeutic 
efficiency  by  targeting  it  expression  specifically  to  breast  cancer  cells  with  the  goal  of  killing  breast  cancer  cells* 
The  long  term  goal  of  this  proposal  is  to  develop  hBok  gene  therapy  as  an  effective  treatment  for  breast  cancer  by 
using  it  to  Sensitize  breast  cancer  cells  that  are  resistant  to  the  routinely  prescribed  chemotherapeutic  agents  in 
order  to  develop  an  effective  protocol  using  acombination  of  gene  therapy  and  chemotherapy  to  treat  breast 
cancer.  Our  eventual  goal  is  to  take  this  pre-clinical  animal  model  into  clinical  trials  to  treat  human  breast 


cancer. 


Yi  Ding,  M.D.,  Ph.D. 
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Department  of  Molecular  and  Cellular  Oncology, 

The  University  of  Texas,  M.  D.  Anderson  Cancer 

2000-present 

Cell 

Biology 

center. 

Tumor 

Biology 

Experimen 

tal 

Therapeuti 

cs 

Department  of  Preventive  Medicine, 

Kyoto  Prefectural  University  of  Medicine,  Japan. 

Ph.  D. 

1996-2000 

Cell&Mole 

cular 

Biology 

Department  of  Medicine,  Kyoto  Prefectural 
University  of  Medicine,  Japan. 

1994-1996 

Cell* 

Molecular 

Biology 

Attached  Hospital  of  East  China,  Science  and 
Technological  University,  China. 

1985-1994 

Alternative 

Medicine 

Zhejang  College  of  Traditional  Chinese  Medicine, 
China 


M.  D. 


1980-1985 


Medical 

student 


Yi  Ding,  M.D.,  Ph.D. 


Professional  Experience: 

Vov.1985-Feb.1994:  physician,  Attached  Hospital  of  East  China  Science  and  Technological  University, 
China. 

Apr.  1994-  Mar.  1996:  Research  student  in  First  Department  of  Medicine,  Kyoto  Prefectural  University 
of  Medicine,  Japan. 

Apr.  1996-  Mar.2000:  Graduate  student  (Ph.D.),  department  of  Preventive  medicine,  Kyoto  Prefectural 
University  of  Medicine,  Japan. 

Jan.  2000-  present:  Postdoctoral  Fellow,  Department  of  Molecular  and  Cellular  Oncology,  The 
University  of  Texas,  M.  D.  Anderson  Cancer  Center. 

Publications: 

Fulu  Bai,  Takayoshi  Matsui,  Naoko  Ohtani-Fujita,  Yoshizumi  Matsukawa,  Yi  Ding,  and  Toshiyuki 
Sakai.  Promoter  activation  and  following  induction  of  the  p21/WAFl  gene  by  flavone  is  involved  in  G1 
phase  arrest  in  A549  lung  adenocarcinoma  cells.  FEBS  Lett.,  437:61-64, 1998. 

Yi  Ding,  Yoshizumi  Matsukawa,  Naoko  Ohtani-Fujita,  Daishiro  Kato,  Su  Dao,  Takaaki  Fujii,  Yuji 
Naito,  Toshikazu  Yoshikawa,  Toshiyuki  Sakai,  and  Gerald  A.  Rosenthal.  Growth  inhibition  of  A549 
human  lung  adenocarcinoma  cells  by  L-Canavanine  is  associated  with  p21/WAFl  induction.  Jan.  J. 
Cancer  Res.,  90:69-74, 1999. 

Yi  Ding,  Toshiaki  Inoue,  Jun  Kamiyama,  Yutaka  Tamura,  Naoko  Ohtani-Fujita,  Eiji  Igata,  and 
Toshiyuki  Sakai.  Molecular  cloning  and  functional  characterization  of  the  upstream  promoter  region  of 
the  human  p73  gene.  DNA  Res.,  6:  347-3  5 1 , 1 999. 

Yong  Wen,  Duen-Hwa  Yan,  Bailiang  Wang,  Bill  Sphon,  Yi  Ding,  Ruping  Shao,  Yiyu  Zou,  Keping  Xie, 
and  Mien-Chie  Hung.  p202,  an  interferon-inducible  protein,  mediates  multiple  anti-tumor  activities  in 
human  pancreatic  cancer  xenograft  models.  Cancer  Res.,  (in  press). 

Yi  Ding,  Li  Wang,  Bill  Spohn,  Ka  yin  Kwong,  Ruping  Shao,  Yong  Wen,  Zheng  Li,  Gabriel  N. 
Hortobagyi,  Mien-Chie  Hung,  and  Duen-Hwa  Yan.  Submitted  to  Cancer  Res., 


2 


Yi  Ding,  M.D.,  Ph.D. 


Abstract 

Adenovirus-mediated  p202  Gene  Transfer  in  Breast  Cancer  Gene  Therapy 
Yi  Ding,  M.D.,  Ph.D.  Post-doctoral  Fellowship  Award  Applicant 

Background:  p202,  an  IFN-inducible,  chromatin-associated  protein,  belongs  to  a  murine  200-amino  acid  repeat 
family.  Enforced  expression  of  p202  in  stable  murine  fibroblasts  and  human  cancer  cell  lines  leads  to  retardation 
of  cell  growth  and  suppression  of  transformation  phenotype.  Furthermore,  we  showed  that  p202  stable  breast 
cancer  cells  are  sensitized  to  TNF-a-induced  apoptosis,  and  that  is  associated  with  inactivation  of  the  TNF-a- 
induced  NF-kB  via  p202/NF-KB  interaction.  To  generate  a  p202-based  therapeutic  agent  for  efficacy  study  in 
animal  model  and  a  tool  to  study  the  biological  function  of  p202,  we  constructed  Ad-p202  (andenoviral  vector 
expressing  p202  cDNA  driven  by  a  CMV  promoter),  and  demonstrated  that  Ad-p202  infection  in  breast  cancer 
cells  not  only  inhibits  cell  growth  and  sensitizes  cells  to  TNF-a-induced  apoptosis,  but  also  induce  apoptosis. 
Objective/Hypothesis:  1.  Ad-p202  infection  results  in  growth  inhibition,  apoptosis,  and  sensitization  to  TNF-a  (or 
chemo-  drugs,  or  y-irradiation)-induced  apoptosis  in  breast  cancer  cells,  and  that  the  p202  region(s)  responsible 
for  these  effects  can  be  identified.  2.  Systemic  delivery  of  Ad-p202  may  results  in  multiple  anti-tumor  activities  in 
an  orthotopic  breast  cancer  xenograft  model,  and  that  anti-tumor  effects  may  be  enhanced  by  a  combined  Ad- 
p202  and  TNF-a  (or  chemo-drugs  or  y-irradiation)  treatment. 

Specific  Aims:  1.  Determine  the  Ad-p202-mediated  anti-tumor  activities  in  vitro.  2.  Determine  the  Ad-p202- 
mediated  anti-tumor  activities  in  vivo. 

Study  Design:  We  will  identify  the  p202  domain  responsible  for  growth  inhibition  and  confirm  the  in  vitro  pro¬ 
apoptosis  activity  of  p202  in  other'  breast  cancer  cell  lines.  Likewise,  we  will  identify  the  p202  domain 
responsible  for  the  sensitization  to  TNF-a-induced  apoptosis  and  also  determine  the  Ad-p202-mediated 
sensitization  to  chemo-drugs  or  y-irradiation  induced  apoptosis.  Moreover,  we  will  determine  the  tumor-specific 
anti-tumor  activity  of  Ad-hTERT-p202  (adenoviral  vector  carrying  human  terlomerase  gene  promoter-driven 
p202  cDNA)  in  vitro.  Importantly,  we  will  determination  of  the  anti-tumor  activity  by  systemic  delivery  of  Ad- 
p202  in  an  orthotopic  breast  cancer  animal  model.  Furthermore,  the  anti-metastasis  and  anti-angiogenesis 
activities  by  systemic  delivery  of  Ad-p202  in  an  orthotopic  breast  cancer  animal  model  will  be  examined. 
Likewise,  we  will  determine  the  efficacy  of  a  combined  treatment  of  Ad-p202  with  TNF-a  in  an  orthotopic  breast 
cancer  animal  model  as  well  as  the  efficacy  of  a  combined  treatment  of  Ad-p202  with  chemo-drugs  (or  y- 
irradiation)  in  the  same  xenograft  model.  Finally,  we  will  determine  the  tumor-specific  anti-tumor  activity  of  Ad- 
hTERT-p202  in  an  orthotopic  breast  cancer  animal  model. 

Relevance:  Approximately  180,000  women  are  diagnosed  with  breast  cancer  in  the  United  States  each  year. 
Despite  recent  therapeutic  advances,  metastatic  breast  cancer  remains  a  significant  cause  of  morbidity  and 
mortality.  Novel  treatment  modalities  are  clearly  needed.  Using  systemic  delivery  of  Ad-p202  in  the  proof-of- 
concept  experiments  detailed  in  this  proposal,  we  will  examine  the  treatment  efficacy  of  p202  gene  therapy  in 
breast  cancer  orthotopic  xenograft  model.  In  addition,  the  proposed  experiments  should  lead  to  a  better 
understanding  how  p202  exerts  multiple  anti-tumor  activities  in  vitro  and  in  vivo.  Success  of  the  proposed 
experiments  will  provide  a  scientific  basis  for  developing  p202-based  gene  therapy  against  metastatic  breast 
cancer. 

Training  Plan:  The  current  proposal  will  help  me  to  elucidate  the  mechanisms  by  which  Ad-p202  mediates  anti¬ 
tumor  activities  in  breast  cancer  cells  and  to  test  the  treatment  efficacy  of  Ad-p202  in  orthotopic  breast  cancer 
xenograft  model.  The  success  of  the  proposal  will  certainly  set  the  stage  for  future  clinical  trials  using  p202- 
based  gene  therapy  in  breast  cancer  treatment.  During  the  past  one  and  half  years  in  Dr.  Yan’s  lab,  I  have  enjoyed 
what  I  have  been  doing.  After  my  post-doc  training,  if  possible,  I  would  like  to  continue  working  in  the  field  of 
breast  cancer  research  in  an  academic  setting.  With  my  training  in  medicine  and  molecular  biology,  and  now  in 
gene  therapy,  I  have  found  that  I  can  best  contribute  my  expertise  in  breast  cancer  gene  therapy.  Thus,  the  DoD 
breast  cancer  research  post-doctoral  fellowship,  if  funded,  will  certainly  provide  me  a  significant  impetus  to  move 
toward  my  career  goals. 
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Name  JAW-CHINGLIU  Position  Title  POSTDOCTORAL  FELLOW 

EDUCATION/TRAINING  (Begin  with  baccalaureate  or  other  initial  professional  education,  such  as  nursing,  and  include  postdoctoral  training.) 

Degree 

Institution  and  Location  (if  applicable)  Year(s)  Field  of  Study 

Natl'  Chung-Hsing  Univ.  Taichung,  Taiwan  B.S.  1984-1988  Entomology 

Natl'  Chung-Hsing  Univ.  Taichung,  Taiwan  M.S.  1988-1993  Entomology 

Univ.  of  Florida,  Gainesville,  Florida  Ph.D.  1993-1997  Entomology 

Univ.  of  Texas,  HSC-Houston,  Texas  postdoctoral  1997-1998  Human 

Genetic 

Univ.  of  Texas,  HSC-Houston,  Texas  postdoctoral  1999-2001  Pharmacology 

Univ.  of  Texas,  MD  Anderson  cancer  Center  postdoctoral  2001-  Cancer 

RESEARCH  AND  PROFESSIONAL  EXPERIENCE:  Concluding  with  present  position,  list,  in  chronological  order,  previous 
employment,  experience,  and  honors.  Include  present  membership  on  any  Federal  Government  public  advisory  committee.  List, 
in  chronological  order,  the  titles,  all  authors,  and  complete  references  to  all  publications  during  the  past 
3  years  and  representative  earlier  publications  pertinent  to  this  application.  PAGE  LIMITATIONS  APPLY.  DO  NOT  EXCEED 
THREE  PAGES  FOR  THE  ENTIRE  BIOGRAPHICAL  SKETCH  PER  INVESTIGATOR. 

Employment: 

1989-1991 :  Research  Assistant.  Cancer  and  Virus  Research  Group.  Institute  of  Biomedical  Sciences, 
Academia  Sinica.  Taipei,  Taiwan. 

1996:  Teaching  Assistant.  ENY6905:  Molecular  Biology  Techniques  Department  of  Entomology  and 
Nematology,  University  of  Florida. 

1997-1998:  Postdoctoral  Fellow.  Human  Genetic  Center.  School  of  Public  Health.  University  of  Texas- 
Houston  Health  Science  Center,  Houston,  Texas. 

1999-2001:  Postdoctoral  Fellow.  Department  of  Integrative  of  Biology  and  Pharmacology.  Medical 
School.  University  of  Texas-Houston  Health  Science  center,  Houston,  Texas. 

2001-:  Postdoctoral  Fellow:  Department  of  Molecular  and  Cellular  Oncology.  University  of  Texas  M.D. 
Anderson  Cancer  Center,  Houston,  Texas 


Jaw-Ching  Liu 


RESEARCH  AND  PROFESSIONAL  EXPERIENCE  (CONTINUED).  PAGE  LIMITATIONS  APPLY  DO  NOT 
EXCEED  THREE  PAGES  FOR  THE  ENURE  BIOGRAPHICAL  SKETCH  PER  INVESTIGATOR. 

Publication 

Liu,  J.-C.,  Makova,  K.  D.,  Adkins,  R.  M.,  Gibson,  S.,  and  Li,  W.-H.  (2001)  Episodic  evolution  of 
growth  hormone  in  primates  and  emergence  of  the  species  of  human  growth  hormone  receptor. 
Molecular  Biology  and  Evolution  18,945-953. 

■  Lib,  and  Maruniak,  J.  E.  (1999)  Molecular  characterization  of  genes  in  the  gp41  region  of 
baculoviruses  and  phylogenetic  analysis  based  upon  gp41  and  polyhedrin  genes  Virus  Research 
64,187-196.  ‘ 

Liu,  J.-C.,  Boucias,  D.  G.,  Pendland,  J.  C.,  Liu,  W.  Z.,  and  Maruniak,  J.  (1996)  The  mode  of  action  of 
Hirsutellin  A  on  eukaryotic  cells.  Journal  of  Invertebrate  Pathology  67,224-228. 
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ABSTRACT 

Proposal  Title:  Oncogenicity  of  P-catenin  in  Breast  Cancer 
Applicant:  Jaw-Ching  Liu,  Ph.D. 

Background:  P-catenin  is  an  important  regulator  of  cell-cell  adhesion  and  embryonic 
development  that  associates  with  the  LEF/TCF  family  of  transcription  factors.  P-catenin 
has  been  shown  to  be  an  oncogene  that  transactivated  the  proto-oncogene  c -myc  and  the 
cell  cycle  regulator  cyclin  D 1  genes  in  several  cancers  including  breast  cancer,  ovarian 
cancer,  and  colon  cancer.  The  immunohistochemical  examining  showed  that  P-catenin  is 
negatively  correlated  to  patient  survival  rates  in  breast  cancer  and  correlated  to  breast 
cancer  metastasis. 

Obiective/Hypothesis:  I  propose  to  study  the  use  of  P-catenin  as  a  strong  and 
independent  prognostic  marker  for  early  breast  cancer.  By  demonstrating  P-catenin 
either  directly  involves  in  the  oncogenicity  or  indirectly  transactives  targets  genes  in 
downstream  signaling  pathway  that  involves  in  oncogenicity,  we  could  define  the 
potential  mechanism  preventing  breast  cancer  invasion  and  metastasis. 

Specific  Aims:  (1)  Identify  the  P-catenin  downstream  transactivated  target  genes  and 
determines  their  roles  in  oncogenicity,  cancer  cell  invasion  and  metastasis  (2)  determine 
the  role  of  P-catenin  in  breast  cancer  invasion  and  metastasis  in  genetically  defined 
human  breast  cancer  cell  lines  in  vitro  and  in  vivo  (3)  evaluate  whether  P-catenin  is  a 
strong  and  independent  prognostic  factor  that  could  be  useful  for  early  breast  cancer 
diagnosis. 

Study  Design:  To  further  study  the  role  of  P-catenin  in  tumorgenicity,  cancer  cell 
invasion  and  metastasis,  we  develop  an  inducible  P-catenin  overexpression  breast  cancer 
cell  line.  By  using  this  system  combining  with  cDNA  microarry  technique,  we  will  be 
able  to  identify  p-catenin  trasacivated  target  genes.  Subsequently,  we  will  determine  the 
biological  function  of  these  identified  target  genes  by  dominant  negative  mutant  method. 
Finally  an  immunohistochemical  examining  of  breast  cancer  tissues  for  P-catenin 
expression  and  a  mutlivariate  statistical  analysis  will  be  performed  to  ascertain  P-catenin 
is  a  strong  and  independent  prognostic  marker. 

Relevance:  P-catenin  has  been  implicated  in  breast  cancer  development  and  metastasis. 

It  transactivates  downstream  target  genes  involving  in  oncogenicity.  Blocking  P-catenin 
was  shown  to  inhibit  invasion  in  a  variety  of  tumor  cell  lines.  Immunohistochemical 
examining  also  showed  that  P-catenin  is  correlated  to  breast  cancer  metastasis,  p-catenin 
thus  serves  as  a  promising  prognostic  marker  for  breast  cancer  adjuvant  therapy. 
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PTEN  and  Herceptin  Responsiveness  in  Breast  Cancers 

Abstract 

Overexpression  of  ErbB2,  a  185kDa  membrane  receptor  tyrosine  kinase,  can  be  found  in  approximately  30%  of 
human  breast  cancers  and  is  known  to  play  an  important  role  in  breast  cancer  development  and  progression. 
Numerous  efforts  have  been  directed  at  developing  ErbB2-targeting  cancer  therapies.  One  successful  example  of 
this  is  the  recombinant  humanized  anti-ErbB2  antibody  Herceptin  (Trastuzumab)  that  specifically  binds  to  the 

extracellular  domain  of  ErbB2  and  down-regulates  pl85er^®^.  Herceptin  has  demonstrated  impressive 
therapeutic  efficacy  in  phase  II  and  phase  m  clinical  trials,  and  is  the  first  FDA  approved  antibody  therapeutics 
for  breast  cancer.  However,  less  than  20%  of  patients  respond  to  Herceptin.  Herceptin  treatment  can  have  severe 
side  effects  (e.g.,  cardiomyopathy)  in  some  patients.  Thus,  there  is  an  urgent  need  to  identify  patients  who  are 
unlikely  to  respond  to  Herceptin  treatment  to  spare  them  from  the  potential  side  effects  and  unnecessary  cost. 
More  importantly,  it  is  imperative  to  identify  molecular  alterations  that  confer  Herceptin  resistance,  which  can  be 
used  to  predict  patients’  responses  to  Herceptin  and  may  serve  as  molecular  targets  for  overcoming  Herceptin 
resistance.  Unfortunately,  mechanisms  underlying  Herceptin  resistance  are  poorly  understood. 

Recently,  we  have  found  that  Herceptin  treatment  leads  to  rapid  Akt  dephosphorylation  before  PI3K  inhibition 
or  ErbB2-down-regulation.  Additionally,  we  found  that  Herceptin  treatment  rapidly  activated  PTEN  phosphatase 
which  corresponded  to  Akt  dephosphorylation.  This  suggests  PTEN  activation  may  contribute  to  growth 
inhibition  of  breast  cancer  by  Herceptin  via  dephosphorylation  of  Akt,  a  critical  down-stream  signal  for  ErbB2- 
mediated  breast  cancer  progression.  These  data  introduces  a  new  concept  that  activation  of  PTEN  as  well  as 
down-regulation  of  ErbB2  contribute  to  the  growth  inhibition  by  Hereptin,  which  challenges  the  existing 
paradigm  that  Herceptin  elicits  its  growth  inhibition  via  down-regulation  of  ErbB2.  Furthermore,  we  and  others 
have  identified  PTEN  deficiencies  in  -40%  of  breast  cancers  by  LOH  analyses  and  IHC  studies,  thus,  we 
hypothesize  that  PTEN  deficiency  may  render  breast  cancer  cells  resistant  to  Herceptin.  The  purpose  of  this 
proposed  study  is  to  test  this  novel  hypothesis  by  pursuing  the  following  three  Specific  Aims: 

1.  To  inhibit  PTEN  expression  in  breast  cancer  cells  and  determine  if  this  impairs  Herceptin-mediated  Akt 

dephosphorylation.  First,  we  will  inhibit  PTEN  expression  in  breast  cancer  cells  containing  wt  PTEN  (SKBr3, 
BT474)  using  PTEN  antisense  oligonucleotides,  and  by  transfecting  BT474  cells  with  HA-tagged-tet  inducible, 
PTEN  sense,  antisense,  and  empty  vectors  to  establish  stable  transfectants.  We  will  treat  these  cells  with  or 
without  Herceptin  and  investigate  if  Herceptin-mediated  PTEN  phosphatase  activation  and  Akt 
dephosphorylation  will  be  impaired  by  PTEN  antisense.  We  will  also  determine  the  impact  of  PTEN  antisense 
on  Herceptin  regulated  signaling  events,  including  ErbB2  down-regulation,  ErbB2  phosphorylation,  p85/ErbB2 
association,  and  PI3K  activity. 

2.  To  determine  whether  PTEN  deficiency  leads  to  resistance  to  Herceptin-mediated  inhibition  of  breast 

cancer  in  vitro  and  in  vivo.  We  will  first  examine  cells  containing  PTEN  antisense  for  their  responses  to 
Herceptin  treatment  in  vitro,  including  cell  cycle  profile,  cell  growth,  apoptosis,  and  growth  in  soft  agar.  We  will 
then  use  BT474  stable  transfectants  (sense,  anti-sense,  and  vectors)  to  determine  if  PTEN  deficiency  will  confer 
resistance  to  Herceptin-mediated  tumor  growth  inhibition  in  ICR-SCID  mice. 

3.  To  identify  the  mechanisms  of  PTEN  activation  by  Herceptin  in  breast  cancer  cells.  We  will  compare 

phosphorylation  status  of  PTEN  in  Herceptin  treated  and  untreated  SKBr3  and  BT474  cells.  If  there  is  a 
difference,  we  will  further  compare  the  PTEN  kinase  CK2  expression  level,  CK2  binding  to  PTEN,  CK2 
association  with  ErbB2,  and  CK2  kinase  activity.  We  will  also  examine  whether  Herceptin  may  induce  PTEN 
translocation. 

This  proposal  represents  a  new  paradigm  in  the  study  of  breast  cancer.  To  the  best  of  our  knowledge,  there  is 
no  previous  report  on  Herceptin  activation  of  PTEN.  Moreover,  predictive  factor(s)  have  never  been  identified 
for  breast  tumor  response  to  Herceptin.  PTEN  deficiencies  have  been  found  in  -40%  of  breast  tumors.  Thus,  it  is 
imperative  to  investigate  the  contribution  of  PTEN  in  Herceptin-mediated  inhibition  of  breast  cancer  and  explore 
the  potential  of  using  PTEN  status  as  a  predictive  factor  for  Herceptin  responsiveness.  The  pursuance  of  this 
proposal  will  bring  original  findings  and  important  new  insights  into  this  unexplored  area. 


Principal  Investigator/Program  Director  (Last,  first,  middle):  Zhou,  Chenyi,  Ph.D. 
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Abstract:  Breast  cancer  progression  is  caused  by  multiple  molecular  and  genetic  changes. 
Invasive  breast  cancer  is  though  to  arise  from  pre-existing  benign  breast  lesions.  The  biologic  mechanisms 
involved  in  the  progression  of  intraductal  carcinoma  to  invasive  cancer  are  not  fully  understood.  BRCA1,  a  gene 
responsible  for  approximately  half  of  all  hereditary  breast  cancer,  may  play  important  role  in  breast  cancer 
progression.  In  addition,  it  may  coordinately  regulated  with  another  gene,  hTERT,  a  gene  involved  in  human 
cellular  immortalization  to  control  the  breast  tumor  progression.  We  hypothesize  that  coordinated  expression  of 
BRCA1  and  telomerase  plays  a  critical  role  in  breast  cancer  progression  and  expression  level  can  be  used  to 
predict  the  clinical  behavior  of  breast  cancer  such  as  recurrence  or  metastasis.  We  plan  to  test  this  hypothesis  by 
using  in  situ  hybridization  and  immunohistochemistry  and  examine  the  level  of  BRCA1  and  telomerase 
expression  at  the  single  cell  level.  If  this  proves  to  be  the  case,  then  quantitation  of  BRCA1  and  hTERT 
expression  could  be  used  to  help  to  1)  classify  preneoplastic  lesions  with  potential  to  progress  to  carcinoma  and 
2)  predict  aggressive  behavior  of  intraductal  carcinoma  and  3)  predict  responsiveness  of  invasive  carcinoma  to 
hormonal  therapy.  We  propose  to  develop  an  immunohistochemically  based  assay  to  determine  the  level  of 
BRCA1  and  hTERT  protein  in  the  archived  breast  tumor  and  correlate  their  with  patients’  survival,  tumor  stage, 
histological  grade,  sensitivity  to  chemotherapy  agents  and  radiation,  and  disease-free  survival.  If  the  proposed 
experiments  work,  we  will  have  novel  diagnostic  and  prognostic  markers  to  predict  the  behavior  of  breast  tumor 
and  can  individualize  the  best  chemotherapy  for  that  particular  patient. 
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Abstract: 

The  adenoviral  early  gene  product,  El  A,  functions  as  a  potent  stimulator  of  cell  cycle  progression 
in  quiescent  rodent  cells.  The  oncogenic  effect  of  El  A  is  thought  to  be  due  to  its  ability  to  bind  and 
inactivate  some  cellular  proteins  like  the  tumor  suppressor  protein,  Rb,  and  the  transcriptional  co¬ 
activator  p300/CBP.  The  E1A  protein  can  be  found  as  two  forms  (243  a.a  and  289  a.a)  that  these 
two  products  are  the  result  of  splicing  of  a  single  E1A  message. 


Despite  extensive  studies,  the  oncogenic  feature  of  E1A  has  not  been  clearly  shown  in  human  cells. 
In  fact  there  are  many  studies  indicating  that  El  A  functions  as  a  general  tumor  suppressor  protein 
in  human  cancers.  E1A  is  currently  in  clinical  trials  for  the  treatment  of  head  and  neck,  breast,  and 
ovarian  cancers.  However  its  mechanism  is  not  very  well  understood.  In  this  study  we  are  going  to 
investigate  the  relationship  between  El  A  and  cell  cycle.  Our  preliminary  data  in  MDA-MB-231 
breast  cancer  cells  and  SKOV3-ipl  ovarian  cancer  cells  show  that  El  A  can  increase  expression  of 
the  Cyclin-dependent  kinase  inhibitor,  p21/Cipl  at  the  RNA  and  protein  levels.  E1A  and  the 
induced  p21  were  mainly  found  in  the  nucleus.  Reporter  assay  experiments  using  p21  promoter 
show  that  only  the  full  length  E1A  (13S)  can  activate  p21  expression.  Interestingly  E1A  had  no 
effect  on  expression  of  another  member  of  the  p21  family,  p27.  Our  data  also  show  that  El  A  can 
decrease  expression  of  Cyclin  D1  at  the  RNA  and  protein  levels.  Although  the  cDNA  mircroarray 
data  showed  that  El  A  decreases  the  expression  levels  of  Cyclins  A,  Al,  and  Bl,  the  protein  levels 
of  these  Cyclins  were  similar  in  the  El  A  stable  transfectant  cells  and  in  the  parental  cells 
transfected  with  the  empty  vectors.  These  data  suggest  that  El  A  might  decrease  the  activity  of 
some  cyclin  dependent  kinase  inhibitors  to  inhibit  cell  proliferation  in  cancer  cells.  Our  further 
experiments,  described  below,  are  designed  to  find  out  more  about  the  molecular  mechanism  of  the 
effect  of  El  A  on  cell  cycle  molecules . 
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ABSTRACT 

Proposal  Title:  Role  of  USF  in  the  regulation  of  the  CDK4  promoter  in  breast  epithelial  cells 

Investigator:  Snehalata  A.  Pawar 

Breast  cancer,  one  of  the  most  common  cancers  in  women  accounts  for  nearly  30%  of  cancer  incidence 
and  15%  of  cancer  mortality  in  the  United  States.  Abnormal  gene  expression  is  common  including  increased 
oncogene  activity  (c-ErbB-2,  c-Ras,  c-Myc)  and  loss  of  tumor  suppressor  function  (p53,  pRb).  In  addition,  the 
aberrant  expression  of  cell  cycle  mediators  such  as  Cdk4,  cyclin  D1  contributes  to  the  transformation  of  normal 
mammary  cells. 

USF  is  a  cellular  transcription  factor,  which  shares  with  c-Myc  structural  similarity  and  DNA-binding 
specificity  to  elements  called  E-boxes,  which  contain  a  central  CACGTG  sequence.  c-Myc  belongs  to  the  basic 
helix-loop-helix  leucine  zipper  family  of  transcription  factors  that  display  sequence-specific  binding  to  the 
CACGTG  sequence.  c-Myc  is  a  protooncogene  involved  in  cellular  proliferation,  differentiation  and  apoptosis. 
Genetic  alteration  of  c-myc  is  a  frequent  event  in  tumor  progression.  Despite  the  similarities,  USF  and  c-Myc 
have  opposite  functions  in  growth  control.  USF  overexpression  inhibits  cellular  proliferation  and  Ras  and  c- 
myc-induced  transformation.  Recent  studies  in  our  laboratory  in  breast  cancer  cell  lines  demonstrated  a  loss  in 
the  transcriptional  activity  of  USF,  suggesting  its  involvement  in  a  tumor  suppressor  pathway.  In  cancer  cells, 
overexpression  of  c-Myc  causes  cellular  proliferation  and  loss  of  USF  function  in  cancer  cells  confers  a 
selective  growth  advantage  to  cells.  USF  is  involved  in  regulating  genes  that  control  growth  and  cell  cycle  such 
as  p53,  TGF-&2,  cdc2,  cyclin  Bl,  MKP-1  and  BRCA2. 

CDK4  is  an  important  regulator  of  the  Rb  pathway,  and  is  active  in  early  to  late  G1 .  Deregulation  of  the 
CDK4  gene  has  been  implicated  in  several  cancers  including  breast  cancers.  Recent  studies  using  serial 
analysis  of  gene  expression  to  examine  the  transcripts  regulated  by  exogenous  expression  of  c-Myc  revealed 
CDK4  as  one  of  the  target  genes.  The  transactivation  of  the  CDK4  promoter  by  c-Myc  was  mediated  through 
four  highly  conserved  CACGTG  motifs  present  upstream  to  the  transcription  start  site. 

Discrimination  between  USF  and  Myc  binding  can  be  achieved  through  the  sequences,  which  flank  the 
core  sequence  of  the  E-box.  Binding  studies  indicated  a  strong  preference  for  thymidine  residue  on  the  5'  flank 
of  the  core  sequence  for  recognition  by  USF  as  opposed  to  Myc,  which  prefers  a  cytosine  residue.  Analysis  of 
the  flanks  of  the  CACGTG  motifs  of  the  CDK4  promoter  suggested  these  to  be  potential  USF-binding  sites. 

In  context  of  the  effect  of  USF  on  growth  regulation  and  loss  of  USF  transcriptional  activity  in  cancer 
cells,  I  hypothesize  that  USF  is  involved  in  the  regulation  of  CDK4  in  normal  cells.  I,  therefore,  propose  to:  a) 
elucidate  the  role  of  USF  in  the  regulation  of  the  CDK4  promoter  in  normal  breast  epithelial  cells  which  contain 
active  endogenous  USF  and  low  levels  of  c-Myc  and  b)  investigate  the  differential  regulation  of  the  CDK4 
promoter  in  breast  cancer  cell  lines  containing  high  levels  of  c-Myc  and  transcriptionally  inactive  USF.  To 
achieve  this  proposed  goal,  binding  of  USF  to  the  CDK4  promoter  will  be  confirmed  by  DNase  I  footprinting. 
Electromobility  Shift  Assays  (EMSA)  and  Chromatin  Immunoprecipitation  (ChIP)  assays.  Transcriptional 
regulation  and  mapping  of  the  domains  of  USF  involved  in  regulation  will  be  monitored  by  transient 
transfection  assays  in  normal  breast  epithelial  cells  and  in  breast  cancer  cell  lines.  The  transcription  initiation 
sites  on  the  CDK4  promoter  will  be  mapped  in  normal  and  breast  cancer  cell  lines. 

Thus  the  proposed  studies  will  unfold  the  functional  relationship  between  two  transcription  factors  that 
share  common  downstream  targets,  but  have  opposite  effects  on  cellular  proliferation.  The  long-range  hope  is  to 
understand  the  basis  of  normal  and  abnormal  growth  at  the  molecular  and  cellular  levels  in  order  to  develop 
strategies  to  selectively  block  the  growth  and  division  of  cancer  cells. 
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Abstract 

Proposal  title:  p21Cipl/WAF1  Gene  Therapy  in  Breast  Cancer 
Applicant:  Lin  Qiu 

Background:  Amplification/overexpression  of  Her2/neu  in  cancer  cells  confers  resistance  to 
apoptosis  and  promotes  cell  growth.  The  PI-3K/Akt  pathway,  one  of  downstream  signaling 
pathways  of  Her 2/neu,  plays  an  important  role  in  preventing  cells  from  undergoing  apoptosis  and 
contributes  to  the  pathogenesis  of  malignancy.  Cellular  localization  of  p21cipl/w/^1  has  been 
proposed  to  be  critical  in  either  promoting  cell  survival  or  inhibiting  cell  growth.  In  our  recent 
study,  we  found  that  Her2/neu- mediated  cell  growth  required  the  activation  of  Akt,  which 
associated  with  p2iClP1/WAF1  and  phosphorylated  it  at  threonine  145,  and  then  resulted  in 
cytoplasmic  localization  of  p21c,plAV  .  Furthermore,  blocking  the  Akt  pathway  with  a 
dominant-negative  mutant  of  Akt  restored  the  nuclear  localization  and  the  cell  growth  inhibition 
activity  of  p21Cipl/WAFi.  Our  results  indicated  that  Her2/neu  induces  cytoplasmic  localization  of 
P21cipl/WA  p  via  the  activation  of  Akt  to  promote  cell  growth,  which  may  have  implications  that 
nuclear  p21Cipl/WAF1  may  be  as  a  therapeutic  agent  in  gene  therapy  against  Her  2/neu 
overexpressing  breast  cancer. 

Hypothesis/Purpose:  Based  on  the  background  described  above,  we  propose  that  nuclear 
p21Cipl  WAF1  (T145A)  may  be  used  as  a  therapeutic  agent  in  gene  therapy  against  Her2/neu 
overexpressing  breast  cancer. 

Specific  Aims:  (1)  To  examine  tumor  suppressor  function  of  nuclear  p2lCipl/WAF1  (T145A)  in 
different  breast  cancer  cell  lines.  (2)  To  test  the  anti-tumor  activity  of  nuclear  p2iciP1/WAF1  using 
preclinical  gene  therapy  strategies  in  several  orthotopic  breast  cancer  animal  models.  (3)  To 
evaluate  the  relationship  between  the  efficacy  of  therapies  and  Her2/neu  expression,  Akt  activity 
and  localizations  of  p21Cipl/WAF1. 

Study  design:  In  this  study,  we  choose  to  use  MDA-MB231,  MDA-MB-468,  MDA-MB-361 
and  BT-474  breast  cancer  cell  lines  for  colony  forming  assay  in  intro  and  inducing  tumor  in  the 
mammary  fat  pad  of  female  nude  mice.  At  first  we  will  examine  the  anti-growth  activity  of 
nuclear  p21Cipl/WAF1(T145A)  and  compare  the  activity  with  wild  type  p2iClP1/WAF1  and 
cytoplasmic  p2lc,plAVAF1  (T145D)  by  colony  forming  assay.  NIH3T3  and  Her2/neu- 3T3  cell 
lines  will  be  selected  as  negative  and  positive  cell  lines.  Then,  we  will  generate  orthotopic  breast 
tumors  by  mammary  fat  pads  inoculation  of  breast  cancer  cells  in  nude  mice.  The  tumor-bearing 
mice  then  will  be  treated  with  wild  type  p21Qpl/WAFI,  cytoplasmic  p2iClP1/WAF1  and  nuclear 
p2i?‘P1/WAF1  mutant  gene  plus  the  gene  delivery  system,  in  which  the  non- viral  delivery  systems, 
such  as  SN  (liposome),  will  be  used.  Therapeutic  efficacy  will  be  evaluated  by  examining  tumor 
volume,  metastasis  and  survival.  In  addition,  two  injection  types,  intravenous  injection  and 
subcutaneously  introtumoral  injection  will  be  compared  in  therapy.  In  order  to  confirm  the 
relationship  between  treatment  efficacy  and  Her/neu  expression  Akt  activity  and  localizations  of 
p21Cipl/w  1  in  four  breast  cancer  cell  lines,  tumor  samples  will  be  analyzed  by 
immunohistochemical  staining  and  western  blot  as  described  in  our  precious  study. 

Relevance:  The  techniques  involved  in  this  proposal,  such  as  transfection,  biological  assays, 
animal  models  and  so  on  are  well  established  in  the  P.I.’s  laboratory  as  evident  from  the 
preliminary  results  sections  and  the  previous  publications.  We,  therefore,  do  not  expect  too  much 
technical  difficulty.  We  expect  to  find  anti-tumor  activity  of  nuclear  p2lClpl/WAF1  (T145A)  in  this 
gene  therapy  study. 
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BIOGRAPHICAL  SKETCH 

Provide  the  following  information  for  the  key  personnel  in  the  order  listed  for  Form  Page  2. 
Follow  the  sample  format  for  each  person.  DO  NOT  EXCEED  FOUR  PAGES. 


NAME 

Zhibo  Yang,  M.D.,  Ph.D. 


POSITION  TITLE 

Postdoctoral  Fellow 


EDUCATION/TRAINING  (Begin  with  baccalaureate  or  other  initial  professional  education,  such  as  nursing,  and  include  postdoctoral  training.) 


INSTITUTION  AND  LOCATION 

DEGREE 
(if  applicable) 

YEAR(s) 

FIELD  OF  STUDY 

China  Medical  University,  Shenyang  P.R.  China 

Cancer  Institute 

China  Medical  University,  Shenyang  P.R.  China 

M.D. 

Ph.D. 

1995 

2000 

Clinical  Medicine 

Molecular  Oncology 

PROFESSIONAL  EXPERIENCE  AND  POSTGRADUATE  TRAINING 

1995-1997  Research  Assistant,  Cancer  Institute,  China  Medical  University,  Shenyang  P.R.  China 

2000- 2001  Special  Exchange  Student,  Department  of  Microbiology  and  Immunology,  Hamamatsu  University  School 

of  Medicine,  Hamamatsu,  Japan 

2001 - present  Postdoctoral  Fellow,  Department  of  Pathology,  Division  of  Pathology  and  Laboratory  Medicine,  The 

University  of  Texas  MD  Anderson  Cancer  Center,  Houston,  TX 

PUBLICATIONS 

1.  Z.  Yang,  Qian  Liu,  Changshan  Ren.  Detection  on  the  mutations  of  von  Hippel-Linda  (VHL)  tumor  suppressor  gene  in 

paraffin-embedded  kidney  neoplasm.  Journal  of  China  Medical  University  28(5):366-367  (cited  by  Biological  Abstracts 
2000vol.  107(4),  NO. 4751 7),  1999. 

2.  Z.  Yang,  Qian  Liu,  Changshan  Ren.  Microsatellite  instability  and  hMSH2  gene  mutation  in  bladder  carcinoma.  Journal  of 

China  Medical  University  28(6):41 5-41 6,  1999. 

3.  Z.  Yang,  Qian  Liu,  Changshan  Ren.  Study  on  the  relationship  of  cyclin-dependent  kinase  inhibitor  p27kip1  with  Robson 
stage  for  renal  carcinoma.  Journal  of  China  Medical  University  28(5):364-365  (cited  by  Biological  Abstracts  2000  vol.107 
(4),  NO. 57433),  1999. 

4.  Z.  Yang,  Qian  Liu,  Changshan  Ren.  Expression  of  p21WAF1/CIP1  and  its  correlation  with  clinicopathological  features  in 

human  bladder  transitional  carcinoma.  Journal  of  China  Medical  University  28(6):453-454,  1999. 


Zhibo  Yang 


Role  of  BRCA2  in  Cellular  Immortalization  of  Genetically  Defined  Breast  Epithelial  Cells 

(Abstract) 


Background:  Recent  studies  suggest  that  BRCA2  and  BRCA1,  two  genes  responsible  for 
approximately  90%  of  hereditary  breast  cancers,  acts  in  concert  with  DNA-repair  enzymes  to  maintain  the 
integrity  of  the  genome  during  a  period  of  rapid  growth.  The  gene  product  of  ataxia-telangiectasia-mutated 
(ATM)  controls  the  overall  phosphorylation  of  BRCA1  in  response  to  ionizing  radiation.  Heterozygous 
carriers  of  a  dysfunctional  ATM  gene  have  been  reported  to  be  highly  sensitive  to  ionizing  radiation  and 
predisposed  to  the  development  of  breast  cancer.  It  is  not  clear  whether  patients  with  heterozygous  BRCA2 
mutation  have  a  similar  phenotype  as  the  ATM  heterozygote. 

Objective/Hypothesis:  We  hypothesize  that  BRCA2+/,~  human  mammary  epithelial  cells'(HMECs) 
are  haplo-insufficient  in  their  function  for  DNA  repair  and  cell  cycle  regulation.  This  defect  can  be 
significantly  magnified  when  the  breast  epithelial  cells  are  under  stressed  conditions  or  in  the  presence  of  a 
defective  p53  gene  product.  Defective  BRCA2  and  p53  genes  will  increase  genetic  instability  and  predispose 
the  cells  to  immortalization.  We  will  evaluate  the  biologic  differences  between  BRCA2+/~  HMECs  and 
BRCA2+/+  HMECs  upon  treatment  with  ionizing  radiation. 

Specific  Aims:  (1)  to  examine  the  biologic  differences  between  BRCA2+ HMECs  and  BRCA2+^+ 
HMECs,  and  (2)  to  test  whether  inactivation  of  the  p53  gene  promotes  genetic  instability  and  increase  the 
frequency  of  immortalization  in  BRCA2+/~  HMECs. 

Research  Design:  We  will  collect  and  culture  breast  epithelial  cells  from  prophylactic  mastectomy 
specimens  from  patients  with  a  family  history  of  breast  and  ovarian  cancer  who  have  tested  positive  for  the 
BRCA2  mutation.  We  will  compare  the  BRCA2  mRNA  and  protein  levels  in  these  cells  with  those  from 
BRCA2+/+  HMECs.  We  will  examine  the  cell  response  to  ionizing  radiation.  If  there  is  no  difference,  we 
will  introduce  a  vector  expressing  transdominant  negative  protein  or  human  papillomavirus  (HPV)  E6  gene 
to  inactivate  the  endogenous  p53  protein  and  examine  the  frequency  of  immortalization,  genetic  instability, 
and  changes  in  cell  cycle. 

Relevance:  Understanding  of  the  role  of  BRCA2  in  breast  cancer  has  been  hampered  by  a  lack  of 
genetically  well-defined  cell  lines  representing  different  stages  of  progression.  This  propose  will  create 
model  systems  to  study  the  genetic  instability  and  critical  events  required  for  hereditary  breast  cancer 
development.  These  in  vitro  models  not  only  should  facilitate  the  understanding  of  the  biology  of  BRCA2  but 
also  may  provide  useful  premalignant  model  systems  to  select  potential  chemopreventive  and  therapeutic 
agents. 
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Abstract 

Analysis  of  MtDNA  Mutation  in  Relation  to  Oxidative  Stress  in  Breast  Cancer 

Background 

Though  highly  suspected  in  causality,  the  contribution  of  DNA  damage  in  breast  carcinogenesis  has  been  difficult  to 
demonstrate  in  humans,  in  part,  because  of  the  suspected  mixed  nature  of  exposures  (i.e.,  hormonal,  dietary, 
environmental),  the  general  transient  nature  of  exposure  related  endpoints  and  low  levels  and  severely  limited  access 
to  the  target  tissue.  The  level  of  DNA  damage  (i.e.,  DNA  adducts)  is  affected  by  numerous  factors  most  notably  the 
extent  of  exposure,  the  rate  of  cell  turn-over  and  rate  of  repair  (often  hours).  Thus,  as  determinants  of  subsequent 
risk,  measures  of  DNA  damage  via  adduct  formation  have  proven  highly  variable  and  difficult  to  assess  in  human 
tissues.  On  the  other  hand,  DNA  mutations  arising  through  damage  and  lack  of  repair  can  be  viewed  as  more  stable 
indicators  of  exposure  from  reactive  oxygen  species  and  chemical  carcinogens,  however  their  relative  abundance  in 
nuclear  DNA  is  low  even  with  exposure  and  distributed  throughout  the  genome.  On  the  other  hand,  mitochondrial 
DNA  (mtDNA)  is  subject  to  more  oxidative  damage  than  nuclear  DNA,  in  part,  because  of  the  lack  of  protective 
proteins  and  less  sufficient  DNA  repair.  Recent  observations  from  aged  tissues  suggest  that  focally  located  and 
amplified  mutations  (hotspots)  in  mtDNA  may  accumulate  with  age  and  serve  as  novel  biological  markers 
(biomarkers)  of  age-related  events  (i.e.,  prolonged  exposure  to  oxidative  damage,  chemical  exposures)  or  a  so-called 
marker  of  biological  versus  chronological  age.  Each  cell  contains  hundreds  to  thousands  of  copies  of  mtDNA.  In 
several  studies,  age-dependent  and  tissue-specific  accumulations  of  mutation  in  hot  spots  have  been  identified  in  the 
hypervariable  control  regions  of  the  mtDNA.  Given  that  for  most  sporadic  cancers,  including  breast,  that  advancing 
age  is  the  most  reliable  risk  factor,  we  argue  that  these  same  mtDNA  hotspot  mutations  may  be  useful  in  population- 
based  cancer  risk  assessment  studies  for  evaluating  the  extent  of  permanent  damage  in  a  particular  tissue  relative  to 
an  individual’s  chronological  age.  This  project  will  explore  whether  or  not  the  mtDNA  mutations  in  breast  tissues 
can  be  used  as  novel  quantitative  markers  for  oxidative  DNA  damage  in  breast  cancer. 

Hypothesis 

There  may  be  mammary  epithelial  cell-specific  mtDNA  mutation  hot  spots  in  the  control  region  of  mtDNA  and 
these  mtDNA  mutations  may  be  associated  with  oxidative  DNA  damage  in  breast  cancer. 

Objectives  and  Study  Design 

1 .  To  Identify  the  mtDNA  mutation  hot  spots  in  human  mammary  epithelial  cells  and  in  human  breast  tumors.  The 
control  region  of  mtDNA  from  mammary  carcinoma  and  non-malignant  cell  lines  will  be  amplified  and  sequenced. 
Sequence  and  frequency  will  be  also  determined  from  tumor  and  normal  tissue  samples  from  30  women  with 
breast  cancers.  Matched  peripheral  blood  lymphocytes  will  also  be  used  to  eliminate  the  contribution  of  genetic 
polymorphisms  in  areas  of  apparent  sequence  heterogeneity.  The  mutation  profiles  will  be  compared  between 
different  cell  lines  and  tissues  from  different  individuals  to  identify  any  mutation  hot  spots  present  in  breast  tissues. 

2.  To  quantitatively  analyze  the  fraction  of  mtDNA  mutations  by  allele-specific  termination  of primer  extension  method. 
We  will  develop  allele-specific  termination  of  primer  extension  method  for  the  rapid  quantitative  assessment  of 
mtDNA  mutations  for  each  of  the  candidate  hotspot  mutations. 

3.  To  demonstrate  whether  the  mtDNA  mutation  profile  is  related  to  oxidative  DNA  damage  in  breast  tumor.  The  level 
of  8-OH-dG  (8-hydroxydeoxyguanosine),  an  oxidized  DNA  base,  will  be  measured  by  using  the  HPLC-EC  method 
in  DNA  samples  from  the  same  cell  lines  and  breast  tissues  used  above.  The  levels  of  oxidative  DNA  damage  will 
be  expressed  as  8-OH-dG/lO5  dG.  Three  parameters  of  mtDNA  mutation  will  be  analyzed  in  relation  to  the  level  of 
8-OH-dG,  i.e.  the  frequency,  the  fraction,  and  the  types  of  mutations.  The  correlation  analysis  will  demonstrate 
whether  there  is  any  association  between  the  mtDNA  mutation  and  level  of  oxidative  DNA  damage. 

Relevance. 

Given  that  DNA  damage  may  play  an  important  role  in  breast  cancer  etiology,  establishing  a  reliable  and 
quantitative  method  to  measure  cumulative  genetic  damage  as  opposed  to  a  simple  measure  of  chronological  age 
may  provide  new  tools  for  risk  assessment  and  improve  the  selection  criteria  for  high-risk  individuals  for  prevention- 
based  strategies. 


Appendix  3.0 

Cited  Manuscripts  and  Abstracts 


21 


articles 


HER-2/neu  induces  p53  ubiquitination 
via  Akt-mediated  MDM2 
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HER-2/neu  amplification  or  overexpression  can  make  cancer  cells  resistant  to  apoptosis  and  promotes  their  growth. 
p53  Is  crucial  in  regulating  cell  growth  and  apoptosis,  and  is  often  mutated  or  deleted  in  many  types  of  tumour. 
Moreover,  many  tumours  with  a  wild-type  gene  for  p53  do  not  have  normal  p53  function,  suggesting  that  some 
oncogenic  signals  suppress  the  function  of  p53.  In  this  study,  we  show  that  HER-2/neu-mediated  resistance  to  DNA- 
damaging  agents  requires  the  activation  of  Akt,  which  enhances  MDM2-mediated  ubiquitination  and  degradation  of 
p53.  Akt  physically  associates  with  MDM2  and  phosphorylates  it  at  Serl66  and  Serl86.  Phosphorylation  of  MDM2 
enhances  its  nuclear  localization  and  its  interaction  with  p300,  and  inhibits  its  interaction  with  pl9PVRF,  thus  increas¬ 
ing  p53  degradation.  Our  study  indicates  that  blocking  the  Akt  pathway  mediated  by  HER-2/neu  would  increase  the 
cytotoxic  effect  of  DNA-damaging  drugs  in  tumour  cells  with  wild-type  p53. 


The  HER-2/neu  gene  (also  known  as  c-erbB2 )  encodes  a  185- 
kDa  transmembrane  receptor  tyrosine  kinase  that  has  partial 
homology  with  other  members  of  the  epidermal  growth  fac¬ 
tor  receptor  family.  Amplification  or  overexpression  of  HER-2/neu 
has  been  found  in  various  cancer  types  and  has  been  associated 
with  poor  clinical  outcome,  including  short  survival  and  short  time 
to  relapse1"3.  We  have  previously  showed  that  HER- 2 Ineu  activates 
the  Akt  pathway  and  so  confers  resistance  to  tumour  necrosis  fac¬ 
tor  (TNF)-induced  {AUTHOR— OK?}  apoptosis4,  and  increases 
cell  proliferation  by  inducing  cytoplasmic  localization  of 
p2 1  cipi/wAFi  (ref  5^  ^e  phosphatidylinositol-3  kinase 

(PI(3)K)-Akt  pathway  plays  an  important  role  in  preventing  cells 
from  undergoing  apoptosis  and  contributes  to  the  pathogenesis  of 
malignancy6,7.  Several  targets  of  the  PI(3)K-Akt  signalling  pathway 
have  recently  been  identified  that  might  underlie  the  ability  of  this 
regulatory  cascade  to  promote  cell  survival  and  cell  growth.  These 
substrates  include  two  components  of  the  intrinsic  cell  death 
machinery  (Bad  and  caspase  9;  refs  8,9),  transcription  factors  of  the 
forkhead  family10,15,  Ikk-a  (a  kinase  that  regulates  NF-kB  activa¬ 
tion12)  and  p21Cir,/WAF1  (a  cell-cycle  inhibitor  that  controls  cell 
growth5).  The  PI(3)K-Akt  pathway  has  also  been  reported  to  delay 
p53 -mediated  apoptosis13,  suggesting  that  there  is  a  link  between 
the  PI(3)K-Akt  signalling  pathway  and  p53-mediated  apoptosis. 

The  tumour-suppresser  protein  p53  is  a  transcription  factor 
that  can  induce  either  growth  arrest  or  apoptosis  and  is  frequently 
mutated  or  deleted  in  many  types  of  tumour14-21.  In  addition,  many 
tumours  with  a  wild-type  gene  for  p53  do  not  have  functional  p53 
protein,  suggesting  that  some  oncogenic  signals  suppress  the  func¬ 
tion  of  p53  (refs  14,17).  The  levels  and  activity  of  p53  are  con¬ 
trolled  largely  by  MDM2,  which  is  amplified  or  overexpressed  in  a 
variety  of  human  tumours  and  can  function  as  an  oncogene  in  tis¬ 
sue  culture  systems14,17,20.  MDM2  can  bind  directly  to  p53  and  pro¬ 
mote  its  ubiquitination  and  subsequently  its  degradation  by  the 
proteasome20,21.  The  ability  of  MDM2  to  degrade  p53  depends  on 
its  ubiquitin  E3  ligase  activity  and  its  nuclear  localization  signal 
(NLS)  and  nuclear  export  signal  (NES),  which  are  required  for 
MDM2  to  shuttle  between  the  nucleus  and  the  cytoplasm14,20.  The 
nucleus-cytoplasm  shuttling  of  MDM2  presumably  mediates  p53 


degradation  by  cytoplasmic  proteasomes. 

In  addition  to  MDM2,  the  transcriptional  co-activator 
CBP/p300  has  also  been  shown  to  play  a  role  in  efficient  degrada¬ 
tion  of  p53  (refs  22,23).  CBP/p300  forms  a  complex  with  MDM2  in 
vitro  and  in  vivo ,  and  provides  a  platform  to  allow  the  assembly  of 
the  protein  complex  necessary  for  MDM2-mediated  ubiquitination 
and  degradation  of  p53  (ref.  23).  MDM2  is  feedback  regulated  by 
p53  and  by  the  expression  of  ARF  protein  (pi 4  in  humans  and  pl9 
in  mice),  which  is  encoded  by  the  Ink4A  locus15,24-26.  Loss  of  ARF 
increases  tumour  susceptibility  in  mice,  and  mutations  in  Ink4A  are 
often  detected  in  human  cancers26.  The  ARF  protein  binds  directly 
to  MDM2  to  block  p53  degradation  by  inhibiting  the  ubiquitin  E3 
ligase  activity  associated  with  MDM2  (ref.  27)  and  by  sequestering 
MDM2  in  nucleoli  to  prevent  its  export  to  the  cytoplasm28,29. 
Interestingly,  the  regions  that  control  MDM2  nucleus-cytoplasm 
shuttling  (amino  acids  181-185  of  the  NLS  and  amino  acids 
191-205  of  the  NES)20  and  the  regions  required  for  p300  binding 
(amino  acids  102-222)22,23  and  pl9ARF  binding  (amino  acids 
154—22 1  )24  overlap,  suggesting  that  p300,  pl9ARF  and  other  cellular 
proteins  interact  to  control  the  function  of  MDM2. 

In  this  study,  we  show  that  HER-21  neu- mediated  resistance  to 
DNA-damaging  agents  requires  the  activation  of  Akt,  which 
enhances  MDM2-mediated  ubiquitination  and  degradation  of  p53. 
Akt  interacts  physically  with  MDM2  and  phosphorylates  it  at 
Seri 66  and  Seri 86,  and  so  increases  the  nuclear  localization  of 
MDM2.  Furthermore,  phosphorylation  of  MDM2  increases  its 
interaction  with  p300  and  inhibits  its  interaction  with  pl9ARF  and 
so  increases  p53  degradation.  Our  study  indicates  that  blocking  the 
Akt  pathway  mediated  by  HER-2/neu  would  increase  the  cytotoxic 
effect  of  DNA-damaging  drugs  in  tumour  cells  with  wild-type  p53. 


RESULTS 

Blocking  the  Akt  pathway  sensitizes  HER-21  neu- transformed  cells 
to  DNA-damaging  agents.  Because  overexpression  of  HER-21  neu 
induces  resistance  to  apoptosis  mediated  by  chemotherapeutic 
drugs3,4,30,31  and  the  Akt  pathway  is  known  to  increase  cell  survival, 
we  examined  whether  blocking  the  Akt  pathway  would  sensitize 
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Figure  1  The  Akt  pathway  is  required  for  HER-2/neu- mediated  chemoresis- 
tance  to  etoposide.  a,  Blocking  the  Akt  pathway  reduces  the  growth  of  DN-Akt 
3T3  cells  in  the  presence  of  etoposide.  The  cells  (3xl03)  were  seeded  in  96-well 
plates  and  grown  in  Dulbecco's  modified  Eagle’s  medium/F12  medium  plus  5% 
foetal  bovine  serum  in  presence  of  20  pM  etoposide.  The  growth  rate  was  moni¬ 
tored  by  the  MTT  assay.  The  results  are  presented  as  the  mean  ±  standard  error 
{AUTHOR— OK?  {was  “average"  and  “SE")}  of  three  independent  experiments 
performed  in  quadruplicate,  b,  Cells  (3x1 03)  were  grown  as  described  in  (a)  with  1 
pCi  of  [3H]-thymidine  for  12  h.  The  cell  replication  rate  was  determined  by  measur¬ 
ing  [3H]-thymidine  incorporation.  The  results  are  presented  as  the  mean  ±  standard 
error  {AUTHOR— OK?  (was  “average"  and  “SE")}  of  three  independent  experi¬ 
ments  performed  in  quadruplicate,  c,  Blocking  the  Akt  pathway  significantly 
induced  apoptosis  in  DN-Akt  3T3  cells.  The  cells  were  grown  in  5%  serum  plus  20 
pM  etoposide,  and  the  percentage  of  cells  in  apoptosis  was  measured  by  fluores¬ 
cence-activated  cell  sorting  as  described  previously4.  The  results  are  presented  as 
the  mean  ±  standard  error  {AUTHOR — OK?  (was  “average"  and  “SE")}  of  three 
independent  experiments,  d,  Blocking  the  Akt  pathway  induced  etoposide-mediated 
apoptosis  in  DN-Akt  3T3  cells,  as  measured  by  the  DNA  fragmentation  assay4.  The 
cells  were  grown  in  100-mm  plates  as  described  in  (a)  with  20  pM  etoposide.  e,f, 
Tumours  induced  by  DN-Akt  3T3  cells  were  much  more  sensitive  to  etoposide  treat¬ 
ment.  HER-2/neu  3T3  cells  (e)  and  DN-Akt  3T3  cells  (f)  were  inoculated  subcuta¬ 
neously  in  nude  mice.  One  group  of  five  mice  from  each  cell  line  was  treated  with 
intravenous  injections  of  etoposide  on  days  5  and  7  after  the  inoculation  (solid  sym¬ 
bols).  The  control  groups  (open  symbols)  were  injected  with  the  same  volume  of 
saline.  The  tumour  volume  was  measured  every  two  days,  and  the  data  represent 
the  mean  ±  standard  deviation  {AUTHOR— OK?  (was  “SD")}  from  five  mice. 


cells  to  DNA-damaging  drugs  in  our  model  system.  This  system 
consists  of  NIH3T3  cells,  HER-21  neu  3T3  cells  (HER-2!neu- trans¬ 
formed  NIH3T3  cells)  and  DN-Akt  3T3  cells  (HER-21  neu  3T3  cells 
transfected  with  DN-Akt ,  a  mutant  Akt  gene  that  produces  a  pro¬ 
tein  with  no  kinase  activity)4.  As  expected,  the  HER-21  neu  3T3  cells 
were  not  affected  by  the  DNA-damaging  agent  etoposide  (Fig.  1). 
The  Akt  pathway  is  known  to  be  constitutively  activated  in  HER- 
21  neu  3T3  cells4  and,  when  this  pathway  was  blocked  by  DN-Akt  in 
DN-Akt  3T3  cells,  the  cells  grew  much  more  slowly  (Fig.  la).  When 
the  DNA  synthesis  rate  was  determined  by  measuring  [3H] -thymi¬ 
dine  incorporation,  HER-21  neu  3T3  cells  did  not  synthesize  more 
DNA  than  the  parental  NIH3T3  cells  or  DN-Akt  3T3  cells  (Fig.  lb). 

The  net  cell  growth  rate  depends  on  a  fine  balance  between  the 
cell  proliferation  rate  and  the  cell  death  rate,  and  so  we  next  exam¬ 
ined  whether  apoptosis  contributes  to  the  difference  in  growth  in 
these  cells.  There  was  significant  difference  in  apoptosis  among 
these  cells  as  measured  by  fluorescence-activated  cell  sorting 
(FACS)  analysis  (Fig.  1c).  The  DN-Akt  3T3  cells  underwent  more 
apoptosis  than  did  the  HER-21  neu  3T3  cells  after  treatment  with 
etoposide.  The  apoptosis  in  these  cells  was  further  confirmed  by  the 
DNA  fragmentation  in  these  cells  (Fig.  Id).  Therefore,  the  reduc¬ 
tion  in  cell  growth  in  DN-Akt  3T3  cells  after  treatment  with  etopo¬ 
side  was  probably  due  to  the  increased  apoptosis  in  these  cells. 
Similarly,  we  treated  these  cells  with  another  DNA-damaging  agent, 
doxorubicin,  and  found  that  DN-Akt  3T3  cells  were  also  more  sen¬ 
sitive  to  apoptosis  than  HER-21  neu  3T3  cells  (data  not  shown). 

To  examine  whether  the  phenomenon  can  be  observed  in  vivo , 
we  inoculated  HER-21  neu  3T3  cells  and  DN-Akt  3T3  cells  into 
nude  mice  to  generate  mammary  tumours,  and  tested  the  suscepti¬ 
bility  of  these  tumours  to  DNA-damaging  agents.  Tumours  from 
HER-21  neu  3T3  cells  were  not  sensitive  to  etoposide  (Fig.  le),  sup¬ 
porting  the  notion  that  HER-2! neu-overexpressing  tumours  are 
resistant  to  chemotherapeutic  drugs,  including  DNA-damaging 
agents3,30.  However,  when  the  Akt  pathway  was  blocked  by  DN-Akt, 
the  tumours  induced  by  DN-Akt  3T3  cells  became  very  sensitive  to 
etoposide  (Fig.  If).  The  dramatic  tumour  shrinkage  after  etoposide 
treatment  is  probably  due  to  sensitization  to  apoptosis  because 
massive  apoptosis  in  these  tumours  was  detected  by  the  TUNEL 
assay  (data  not  shown).  Together,  our  results  indicate  that  the  Akt 
pathway  is  required  for  HER-21  neu- mediated  drug  resistance  to 
DNA-damaging  agents.  Blocking  this  pathway  sensitized  HER- 
21  neu- over  expressing  cells  to  DNA-damaging  agents  both  in  vitro 
and  in  vivo. 

Activation  of  Akt-induced  p53  ubiquitination  and  degradation. 
Because  etoposide  inhibits  DNA  topoisomerase  II  and  causes  DNA 
breaks,  and  because  p53  is  a  sensor  for  damaged  DNA  and  is 
induced  by  DNA  damage21,32,  we  tested  whether  p53  is  involved  in 
this  sensitization  effect  mediated  by  the  blockage  of  Akt  pathway. 
We  treated  two  pairs  of  cell  lines  (p53“/_  and  wild-type  MEF  cells, 
and  p53-mutated  MDA-MB453  and  its  DN-Akt/MDA453  transfec- 
tants)  with  etoposide.  The  p53-wild-type  MEF  cells  were  very  sen¬ 
sitive  to  etoposide  treatment  (Fig.  2a).  Blocking  the  Akt  pathway 
using  Wortmannin  alone  did  not  affect  cell  survival,  but  it  dramat¬ 
ically  enhanced  the  sensitization  to  etoposide  treatment  in  p53- 
wild-type  MEF  cells  (Fig.  2a).  However,  no  effect  was  observed  in 
the  p53~;~  cells  (Fig.  2a).  Similarly,  blocking  the  Akt  pathway  with 
DN-Akt  in  p53-mutated  DN-Akt/MDA453  cells  could  not  sensitize 
the  cells  to  etoposide  treatment  (Fig.  2b),  although  they  did 
respond  to  TNF-induced  apoptosis,  as  shown  previously4.  When 
similar  experiments  were  performed  in  p53_/~  and  p53-wild-type 
cells,  and  apoptosis  was  measured  by  FACS  analysis,  we  observed 
the  same  results  (data  not  shown).  Thus,  these  results  suggest  that 
p53  is  crucial  for  etoposide-induced  apoptosis. 

To  examine  whether  blockage  of  the  Akt  pathway  would  further 
sensitize  p53 -wild- type  cells  to  etoposide-induced  apoptosis  in 
other  cell  types,  we  treated  another  two  p53-wild-type  (HBL-100 
and  MCF-7)  and  two  p53-mutated  (MDA-MB231  and  SKOV3-ipl) 
cancer  cell  lines  with  etoposide.  We  found  that  the  two  p53-wild- 
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Figure  2  Activation  of  Akt  induced  p53  ubiquitination  and  degradation,  a, 

The  presence  of  p53  protein  was  required  for  sensitization  to  etoposide  treatment. 
The  p53-wild-type  MEF  and  p53'A  MEF  cells  were  transfected  with  2  pg  of  a  plas¬ 
mid  that  contains  actirvpromoter-driven  luciferase.  After  12  h  of  transfection,  cells 
were  treated  with  20  pM  etoposide,  100  nM  Wortmannin  or  100  nM  of  Wortmannin 
plus  20  pM  of  etoposide  and  incubated  for  another  36  h.  The  cell  lysates  were  pre¬ 
pared  and  the  luciferase  activity  in  each  sample  was  measured.  The  sensitization  to 
etoposide  treatment  was  presented  by  the  luciferase  activity  (mean  ±  standard 
error  {AUTHOR— OK?  (was  “$E")}  in  two  separate  experiments)  over  the  control 
without  any  treatment,  b,  Blockage  of  the  Akt  pathway  did  not  sensitize  p53-mutat- 
ed  MDA-MB453  cells  to  etoposide  treatment.  Breast  cancer  cell  line  MDA-MB453 
and  its  DN-Akt  transfectants  (DN-Akt/MDA453)  cells  were  transfected  with  2  pg  of  a 
plasmid  that  contains  ac tin-promoter-driven  luciferase.  After  12  h  of  transfection, 
the  cells  were  treated  with  40  ng  ml'1  of  tumour  necrosis  factor  {AUTHOR — OK?}, 
20  pM  etoposide,  100  nM  of  Wortmannin  or  100  nM  of  Wortmannin  plus  20  pM  of 
etoposide  as  described  in  (a).  The  cell  lysates  were  prepared  and  luciferase  activity 
in  each  sample  was  measured.  The  sensitization  to  etoposide  treatment  was  pre¬ 
sented  by  the  luciferase  activity  (mean  ±  standard  error  {AUTHOR— OK?  (was 
“SE")}  in  two  separate  experiments)  over  the  control  without  any  treatment,  c, 
Blocking  the  Akt  pathway  sensitized  p53-wild-type  but  not  p53-mutated  cells  to 
etoposide-induced  apoptosis.  Two  p53-wild-type  (HBL-100  and  MCF-7)  and  two  p53- 
mutated  (MDA-MB231  and  SKOV3-ipl)  cancer  cell  lines  were  treated  with  20  pM 
etoposide  in  the  presence  or  absence  of  the  PI(3)K  inhibitors  LY294002  (50  pM) 


type  cell  lines  (HBL-100  and  MCF-7)  were  more  sensitive  to  apop¬ 
tosis  (as  measured  by  FACS  analysis)  when  the  Akt  pathway  was 
blocked  by  a  PI(3)K  inhibitor  (LY294002).  However,  in  the  two 
p53-mutated  cells,  the  PI(3)K  inhibitor  could  not  sensitize  the  cells 
to  etoposide-induced  apoptosis  (Fig.  2c).  Similar  results  were  also 
obtained  when  we  used  another  PI(3)K  inhibitor,  Wortmannin 
(data  not  shown).  Therefore,  sensitization  to  etoposide-induced 
apoptosis  occurred  only  in  p53-wild-type  cells,  not  in  p53-mutated 
or  p53_/_  cells,  suggesting  the  involvement  of  p53  and  Akt  in  the 
etoposide-induced  apoptosis. 

We  next  examined  the  expression  of  p53  in  NIH3T3,  HER-21  neu 
3T3  and  DN-Akt  3T3  cells  before  and  after  treatment  with  etopo- 


and  Wortmannin  (0.1  pM)  (LY).  Apoptotic  cells  in  each  sample  were  measured  by 
flow  cytometry  using  a  fluorescence-activated  cell  sorter  with  propidium  iodide 
staining.  The  two  p53-wild-type  cell  lines  were  treated  with  etoposide  and/or  PI(3)K 
inhibitors  for  24  h  and  harvested  for  analysis.  Because  few  cells  were  found  under¬ 
going  apoptosis  in  24  h  for  the  two  p53-mutated  cell  lines,  these  two  lines  were 
treated  with  etoposide  for  48  h  to  observe  the  apoptotic  effect  mediated  by  VP16. 
Apoptotic  cells  treated  with  etoposide  alone  in  each  sample  were  defined  as  100%. 
Cell  lines  1-4  were  HBL-100,  MCF-7,  MDA-MB231  and  SK0V3-ipl,  respectively,  d, 
Blockage  of  the  Akt  pathway  led  to  production  of  p53.  NIH3T3,  HER-2/neu  3T3  and 
DN-Akt  3T3  cells  were  treated  with  20  pM  etoposide,  for  the  indicated  times.  Whole 
cel!  lysates  (50  pg)  were  prepared  and  subjected  to  western  blot  analyses  with  anti¬ 
bodies  specific  for  p53  (Ab-7),  MDM2  and  0-tubulin.  e,  Blocking  nuclear  export 
induced  p53  stabilization  in  HER‘2/neu  3T3  and  DN-Akt  3T3  cells.  HER-2/neu  3T3 
and  DN-Akt  3T3  cells  were  treated  with  5  ng  mhl  leptomycin  B  for  7  h  or  not  treat¬ 
ed,  and  the  p53  and  0-tubulin  levels  were  analysed  by  western  blotting,  f,  Activation 
of  Akt  induced  the  ubiquitination  of  p53  and  increased  the  binding  of  MDM2  to  p53. 
HER-2/neu  3T3  and  DN-Akt  3T3  cells  were  treated  with  leptomycin  B  as  in  (e)  or 
left  alone.  The  cell  lysates  (1.2  mg  of  HER-2/neu  3T3  protein  and  0.4  mg  of  DN-Akt 
3T3  protein)  were  immunoprecipitated  with  monoclonal  antFp53  antibody  (Ab-1)  and 
the  precipitates  were  then  subjected  to  western  blotting  with  polyclonal  anti-p53 
antibody  (Ab-7)  for  a  short  (10  sec)  or  a  longer  (1  min)  exposure.  The  same  mem¬ 
brane  was  used  again  for  western  blotting  against  MDM2. 


side.  We  did  not  observe  the  induction  of  p53  expression  in 
NIH3T3  and  HER-21  neu  3T3  cells,  but  did  find  time-dependent 
induction  of  p53  in  DN-Akt  3T3  cells  (Fig.  2d).  Surprisingly,  basal 
expression  of  p53  in  DN-Akt  3T3  cells  was  dramatically  elevated 
(Fig.  2d),  indicating  that  blocking  the  Akt  pathway  increases  the 
p53  protein  level.  The  half-life  of  p53  is  —15  min,  and  p53  is  pres¬ 
ent  at  low  levels  in  cells  and  only  increases  in  response  to  physio¬ 
logical  stress  such  as  DNA  damage21,32.  The  p53  protein  level 
increases  as  a  result  of  post-translational  modification,  which  sta¬ 
bilizes  the  protein  and  is  largely  controlled  by  MDM2.  MDM2  can 
bind  to  p53,  promote  its  ubiquitination  and  shuttle  it  to  cytoplasm, 
where  it  is  subsequently  degraded  by  the  proteasome.  Leptomycin 
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Figure  3  Akt  interacts  with  MDM2  and  phosphoryiates  Serl66  and  Serl86. 

a,  Structure  of  the  MDM2  protein,  showing  the  positions  of  the  nuclear-localization 
signal  (NLS),  the  nuclear-export  signal  (NES)  and  domains  that  interact  with  p300 
and  pl9ARf.  b,  The  consensus  Akt  phosphorylation  motif  is  highlighted.  Sequences 
of  MDM2  and  other  known  Akt  substrates  are  shown  for  comparison,  c, 
Immunoprecipitation  of  endogenous  MDM2  and  detection  of  endogenous  Akt. 
Endogenous  MDM2  was  immunoprecipitated  from  1000  pg  of  HER-2  3T3  or  DN-Akt 
3T3  cell  lysates  with  an  MDM2-specific  antibody  (SMP14)  or  control  IgG.  After 
transfer  to  a  nitrocellulose  membrane,  endogenous  Akt  was  detected  with  an  Akt- 
specific  antibody  (Upstate  Biotechnology),  d,  Association  between  Akt  and  MDM2. 
HA-tagged  DN-Akt  or  CA-Akt  (10  pg)  was  transfected  into  293T  cells  by  the  calcium 
phosphate  method.  The  cells  were  lysed  in  RIPA  buffer  after  48  h  and  Akt  was 
immunoprecipitated  with  anti-Akt  (Upstate  Biotechnology)  or  ani-HA  (HA.ll;  Babco) 


B  (LMB),  a  cytotoxin  produced  by  streptomycetes,  can  block 
nuclear  export  and  stabilize  p53  accumulated  in  the  nucleus  of 
LMB-treated  cells33.  To  rule  out  the  possibility  that  the  lack  of 
expression  of  p53  in  HER-2!  neu  3T3  cells  was  due  to  a  genetic 
defect  in  these  cells,  we  treated  the  cells  with  LMB.  The  concentra¬ 
tion  of  p53  increased  in  HER-2! ticu  3T3  cells  {AUTHOR — OK? 
Was  HER-3!neu }  after  treatment  with  LMB  (Fig.  2e).  These  results 
indicate  that  the  absence  of  p53  in  HER-2! neu  3T3  cells  was  not 
caused  by  a  genetic  defect  but  rather  by  the  destabilization  of  p53 
in  these  cells. 

To  compare  the  ubiquitination  of  p53  in  these  cells,  we  used 
more  cell  lysate  from  HER-2!  neu  3T3  cells  than  from  DN-Akt  3T3 
cells  to  produce  equal  amounts  of  immunoprecipitated  p53  before 
and  after  treatment  with  LMB.  Surprisingly,  there  was  dramatically 
more  ubiquitination  of  p53  in  HER-2!  neu  3T3  cells  than  in  DN- 
Akt  3T3  cells  (Fig.  2f).  The  difference  in  ubiquitination  of  p53  was 
not  due  to  a  difference  in  p53  levels,  because  nearly  equal  amounts 
of  p53  were  immunoprecipitated  from  HER-2! neu  3T3  and  DN- 
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antibody.  After  transfer  to  a  nitrocellulose  membrane,  MDM2  was  detected  with 
MDM2-specific  antibody.  Alternatively,  the  cell  lysates  were  immunoprecipitated  with 
MDM2-specific  antibody.  After  transfer  to  a  nitrocellulose  membrane,  the  bound  Akt 
was  detected  with  Akt-specific  antibody,  e,  Akt  phosphorylated  MDM2  at  Seri  66 
and  Seri 86.  HA-tagged  CA-Akt  or  DN-Akt  (20  pg)  was  transiently  transfected  into 
293T  cells  as  described  in  Methods.  After  48  h  of  incubation,  CA-Akt  and  DN-Akt 
were  immunopricipitated  with  an  anti-HA  antibody  and  incubated  with  5  pg  of  either 
GST-wild-type  MDM2  or  GST-mutant  MDM2  (S166D,  S186D  and  S166,186DD)  in  a 
kinase  buffer  containing  5  pCi  of  Ey32P]ATP  for  30  min  at  30  °C.  The  kinase  reaction 
was  stopped  by  the  addition  of  SDS-PAGE  buffer  and  the  samples  were  assayed  by 
autoradiography.  The  lower  two  panels  show  western  blots  for  Akt  and  GST-MDM2 
used  in  the  phosphorylation  reaction,  detected  with  antibodies  against  Akt  and 
MDM2,  respectively. 


Akt  3T3  cells  (short  exposure  in  Fig.  2f).  When  the  same  mem¬ 
brane  was  analysed  by  western  blot  using  MDM2-specific  antibody, 
we  found  more  MDM2  binding  to  p53  immunoprecipitated  from 
HER-2! neu  3T3  cells  (Fig.  2f).  Thus,  the  increased  ubiquitination 
of  p53  observed  in  HER-2! neu  3T3  cells  resulted  largely  from 
increased  binding  of  MDM2  to  p53  in  these  cells  (Fig.  2f).  These 
results  indicate  that  the  activation  of  Akt  could  increase  the  bind¬ 
ing  of  MDM2  to  p53  and  induce  the  ubiquitination  of  p53. 
Blocking  the  Akt  pathway  stabilized  the  p53  protein  by  inhibiting 
the  binding  of  MDM2  to  p53,  consequently  suppressing  the  ubiq¬ 
uitination  and  degradation  of  p53. 

Akt  interacts  with  and  phosphoryiates  MDM2.  The  inability  of 
MDM2  to  bind  and  ubiquitinate  p53  in  DN-Akt  3T3  cells  seems  to 
be  responsible  for  the  cell’s  increased  p53  level  and  sensitization  to 
DNA-damaging  agents.  Recently,  MDM2  was  found  to  be  phos¬ 
phorylated  by  ATM  {AUTHOR — what  is  this?},  disrupting  its 
binding  to  p53  and  leading  to  the  stabilization  of  p53  (ref.  34).  We 
noticed  that  there  were  two  potential  Akt  phosphorylation  sites 
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Figure  4  Akt  affects  the  cellular  localization  of  endogenous  MDM2.  a, 

~2xl04  HER-2  3T3  and  DN-Akt  3T3  cells  were  plated  into  chamber  slides  for  16  h. 
After  fixation  of  the  samples  in  4%  paraformaldehyde  for  1  h  and  permeabilization 
with  0.2%  Triton  X-100  for  30  min,  the  cellular  localization  of  MDM2  was  detected 
using  a  monoclonal  antibody  against  MDM2  (SMP14).  After  extensive  washing  in 
PBS,  the  samples  were  further  incubated  with  Texas-Red-conjugated  goat  anti¬ 
mouse  IgG  plus  Dapi  and  examined  under  a  fluorescent  microscope  (Zeiss),  b, 
Quantification  of  subcellular  MDM2  staining.  The  subcellular  localizations  of  MDM2 
in  HER-2  3T3  and  DN-Akt  3T3  cells  were  assessed  in  100  cells  in  several  different 
views.  The  graph  shows  the  percentages  of  cells  with  the  indicated  MDM2  subcellu¬ 
lar  localization. 


(Serl66  and  Serl86)  in  the  MDM2  protein  (Fig.  3a),  and  that  these 
two  sites  were  highly  conserved  across  species  (Fig.  3b).  These  two 
potential  phosphorylation  sites  were  in  the  regions  crucial  for 
MDM2  nuclear  import  and  export,  and  required  for  p300  and 
pl9ARF  binding.  To  determine  whether  Akt  interacts  with  and  phos- 
phorylates  MDM2,  and  so  regulates  its  function,  we  performed 
immunoprecipitation  experiments  to  detect  the  association 
between  Akt  and  MDM2.  In  an  immunoprecipitation  of  endoge¬ 
nous  MDM2,  we  detected  the  presence  of  endogenous  Akt  (Fig.  3c) 


{AUTHOR — this  sentence  was  not  clear.  Is  my  version  correct?}. 
The  binding  of  Akt  to  MDM2  was  increased  in  DN-Akt  3T3  cells 
(Fig.  3c).  Treatment  with  etoposide  does  not  seem  to  affect  the 
interaction  between  MDM2  and  Akt.  We  also  transfected  293T  cells 
with  haemagglutinin  (HA)-tagged  {AUTHOR — OK?}  constitutive- 
ly  active  Akt  (CA-Akt)  or  DN-Akt.  After  immunoprecipitating  Akt 
or  HA,  we  detected  MDM2,  and  vice  versa  (Fig.  3d),  indicating  that 
these  two  molecules  are  associated.  MDM2  seems  to  associate  more 
strongly  with  DN-Akt  than  with  CA-Akt. 

To  examine  whether  Akt  can  phosphorylate  MDM2,  we  trans¬ 
fected  CA-Akt  and  DN-Akt  into  293T  cells  and  immunoprecipitat- 
ed  Akt  from  cell  lysates.  After  incubation  with  glutathione-S-trans- 
ferase  (GST)-MDM2  {AUTHOR— OK?}  (wild-type), 

GST-MDM2  (S166D),  GST-MDM2  (S186D)  or  GST-MDM2 
(SI 66,  186DD)  in  a  kinase  reaction  mixture,  we  found  that  Akt 
phosphorylated  MDM2  at  Serl66  and  Serl86  with  equal  efficiency, 
whereas  DN-Akt  could  not  (Fig.  3e).  When  both  Serl66  and  Serl86 
were  mutated  to  aspartic  acid,  CA-Akt  could  not  phosphorylate 
this  double  mutant  of  MDM2,  suggesting  that  Serl66  and  Serl86  in 
MDM2  were  specific  for  Akt  phosphorylation  (Fig.  3e).  The  fact 
that  no  phosphorylation  was  observed  in  the  double  mutant  of 
MDM2  (S166,186DD)  was  not  due  to  the  lack  of  Akt  kinase  or 
MDM2  proteins,  because  nearly  equal  amount  of  kinase  and  pro¬ 
tein  were  used  (Fig.  3e,  bottom  two  panels).  These  results  indicate 
that  Akt  physically  interacted  with  MDM2  and  phosphorylated 
MDM2  at  Serl66  and  Serl86. 

Akt  induces  nuclear  localization  of  MDM2.  Because  the  Akt  phos¬ 
phorylation  sites  in  MDM2  are  close  to  the  NLS  and  NES,  we  exam¬ 
ined  whether  the  activation  of  Akt  affects  the  cellular  localization  of 
MDM2.  We  performed  immunofluorescence  staining  to  analyse  the 
cellular  localization  of  endogenous  MDM2  in  HER-2!  neu  3T3  and 
DN-Akt  3T3  cells.  In  the  parental  HER-2! neu  3T3  cells,  MDM2  was 
usually  found  in  the  nucleus  (95%  of  cells),  with  little  in  the  cyto¬ 
plasm  (Fig.  4a).  However,  in  DN-Akt-transfected  cells,  MDM2  was 
either  in  the  cytoplasm  (42%)  or  distributed  evenly  between  the 
cytoplasm  and  nucleus  (50%)  (Fig.  4b).  MDM2  has  been  previous¬ 
ly  reported  to  localize  mainly  to  the  nucleus.  The  inability  of 
MDM2  to  localize  to  the  nucleus  in  DN-Akt  3T3  cells  suggests  that 
phosphorylation  of  MDM2  by  Akt  is  required  for  its  nuclear 
translocation.  Blocking  the  Akt  pathway  in  DN-Akt  3T3  cells  would 
inhibit  the  nuclear  import  of  MDM2,  and  so  result  in  the  stabiliza¬ 
tion  of  p53. 

We  next  tested  whether  the  phosphorylation  of  MDM2  by  Akt 
affects  the  cellular  localization  of  MDM2.  We  transfected  p53“/_  and 
MDM2-/_  MEF  cells  with  CA-Akt  or  DN-Akt  together  with  wild- 
type  or  mutant  MDM2  and  examined  the  cellular  localization  of 
MDM2  by  immunofluorescence  analysis.  As  shown  in  Fig.  5,  wild- 
type  MDM2  was  found  predominantly  in  the  nucleus  in  the  pres¬ 
ence  of  CA-Akt  but  was  localized  to  both  the  cytoplasm  and  the 
nucleus  when  DN-Akt  was  introduced.  Mutants  of  MDM2  (S166D, 
S186D  or  S166,186DD,  in  which  serine  166  or/and  serine  186  were 
replaced  with  aspartic  acid  to  mimic  the  phosphorylation  of 
MDM2  by  Akt)  were  found  predominantly  in  the  nucleus  even  in 
the  presence  of  DN-Akt.  These  results  strongly  indicate  that  Serl66 
and  Serl86  of  MDM2  are  crucial  in  determining  the  cellular  local¬ 
ization  of  MDM2,  and  that  the  phosphorylation  of  Serl66  and 
Serl86  of  MDM2  by  Akt  resulted  in  the  nuclear  localization  of 
MDM2.  Taken  together,  our  results  indicate  that  Akt  can  interact 
with  MDM2  and  phosphorylate  the  Serl66  and  Serl86  residues  in 
MDM2,  leading  to  the  nuclear  localization  of  MDM2. 

These  results  establish  the  regulation  of  MDM2  by  the  HER- 
2/neu-Akt  pathway  in  cell  culture.  To  examine  whether  this  phe¬ 
nomenon  also  existed  in  tumour  tissues,  we  compared  the  levels  of 
activated  (phosphorylated)  Akt  and  the  cellular  localization  of 
MDM2  in  33  cases  of  human  breast  tumours  that  are  either  HER- 
2!  neu  and  Akt  positive  or  HER-2  /neu  and  Akt  negative  by 
immunostaining.  In  21  HER-2 !neu  and  Akt  positive  breast  tumour 
tissues,  we  found  that  MDM2  was  mainly  present  in  the  nucleus.  By 
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Figure  5  Akt  affects  the  subcellular  localization  of  MDM2.  A  1:1  ratio  of  CA-  FITC-conjugated  goat  anti-rabbit  IgG  plus  Dapi,  and  examined  under  a  fluorescent 
Akt  or  DN-Akt  (2  pg)  and  the  wild-type  or  mutant  MDM2  (2  pg)  were  transfected  into  microscope  (Zeiss).  When  wild-type  MDM2  was  transfected  with  CA-Akt(  MDM2  were 

p53-/-  and  MDM2~A  MEF  cells.  After  36  h  of  incubation,  the  cells  were  trypsinized  found  in  the  nucleus  in  -95%  of  the  transfected  cells.  However,  when  MDM2  was 

and  plated  into  chamber  slides  for  another  12  h.  After  fixation,  the  cellular  locations  transfected  with  DN-Akt,  25%  of  the  transfected  cells  had  MDM2  staining  only  in  the 

of  CA-Akt,  DN-Akt  and  MDM2  were  detected  using  antibodies  against  HA  (HA.ll,  nucleus  and  75%  of  the  cells  had  MDM2  staining  in  both  the  nucleus  and  the  cyto- 
Babco)  and  MDM2  (Ab-2,  Oncogene  Research).  After  extensive  washing  in  PBS,  the  plasm.  When  the  S166D,  S186D  or  S166.186DD  mutant  of  MDM2  was  transfected 

samples  were  further  incubated  with  Texas-Red-conjugated  goat  anti-mouse  IgG  and  with  DN-Akt,  -90%  of  the  cells  had  MDM2  staining  only  in  the  nucleus. 


HER-2 /neu  Akt-p  MDM2 


Figure  6  HER-2/neu  activates  Akt  and  induces  nuclear  localization  of  MDM2  and  e),  MDM2  (c  and  f)  or  normal  rabbit  serum  (data  not  shown).  The  immunostain- 
in  breast  tumour  tissues.  Tissue  sections  from  the  HER-2/neu-  and  Akt-positive  ing  was  visualized  with  peroxidase-conjugated  secondary  antibody.  The  arrows  indi¬ 
adenocarcinomas  (a-c)  and  HER-2/neo  and  Akt-negative  adenocarcinomas  (d-f)  cate  the  nuclear  and  cytoplasmic  localization  of  MDM2  in  c  and  f,  respectively, 

were  stained  with  antibodies  specific  to  HER-2/neu  (a  and  d),  phosphorylated  Akt  (b 


contrast,  in  all  12  HER-2 /neu  and  Akt  negative  breast  tumour  tis-  ization  of  MDM2  and  the  activation  of  Akt  were  significantly  cor- 

sues  examined,  MDM2  was  localized  in  both  the  nucleus  and  cyto-  related  based  on  the  analysis  using  Fisher’s  exact  test  (Table  1). 

plasm  (Fig.  6).  Similar  results  were  obtained  when  we  used  anoth-  Thus,  the  correlation  between  these  two  molecules  in  primary 

er  MDM2  antibody  (NCL-MDM2;  Novocastra  Laboratory  tumour  samples  was  consistent  with  our  in  vitro  data  from  cell  lines 

{AUTHOR — location?})  (data  not  shown).  The  subcellular  local-  and  transfection  studies  (Figs  4, 5).  The  tumour  staining  data  agree 
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Figure  7  Phosphorylated  MDM2  binds  differently  to  p300  and  pl9MF.  a, 

MDM2  from  HER-2/neu  3T3  and  DN-Akt  3T3  cells  had  different  binding  affinities  to 
p300  and  pl9AfiF.  Cell  lysates  from  HER-2/neu  3T3  or  DN-Akt  3T3  cells  were 
immunoprecipitated  with  monoclonal  anti-MDM2  antibody  (SMP14)  and  the  precipi¬ 
tates  were  then  subjected  to  western  blotting  analysis  for  the  binding  of  p300  and 
pi  9**.  The  same  lysates  were  used  for  western  blotting  analysis  for  the  expression 
of  p300,  pi 9**,  MDM2  and  actin.  b,  Preferential  binding  of  the  phosphorylated 
form  of  MDM2  to  p300.  The  wild-type  and  phosphorylated  forms  of  MDM2  mutants 
were  transfected  into  p53"/~  and  MDM2V_  cells.  After  48  h  of  culture,  the  cell 
lysates  were  immunoprecipitated  with  anti-p300  and  anti-MDM2  antibodies,  and  the 
precipitates  were  subjected  to  western  blot  analysis  for  the  binding  of  MDM2  and 
p300.  The  intensities  of  the  bands  were  quantified  by  densitometry  using  NIHimage 
and  are  shown  under  the  western  blots,  c,  Weaker  binding  of  phosphorylated  form 
of  MDM2  to  pH**.  The  wild-type  and  phosphorylated  forms  of  MDM2  were  trans¬ 
fected  with  pM*5*  into  p53v_  and  MDM2V'  cells.  After  48  h  of  culture,  the  cell 
lysates  were  immunoprecipitated  with  antibodies  against  pi 4^  and  the  precipitates 
were  subjected  to  western  blot  analysis  for  the  binding  of  MDM2.  The  intensity  of 
the  bands  was  quantified  by  densitometry  using  NIHimage  and  are  shown  under  the 
western  blot. 


with  the  observation  in  cell  culture  and  further  strengthen  the 
hypothesis  that  overexpression  of  HER-2lneu  can  regulate  the  cel¬ 
lular  distribution  of  MDM2  via  the  activation  of  Akt. 
Phosphorylated  MDM2  induces  preferential  binding  to  p300  but 
not  to  pl9ARF.  Because  the  Akt  phosphorylation  sites  Serl66  and 
Seri 86  in  MDM2  were  also  within  the  region  required  for  MDM2 


MDM2  MDM2 

(wild  type)  (SI  66D) 

p14ARF  p14ARF 


MDM2  MDM2 

(S186D)  (DD) 

p14ARF  p14ARF 


Figure  8  Nuclear  localization  of  wild-type  and  mutant  MDM2  is  not  affected 
by  the  presence  of  pl4WF.  A  1:1  ratio  of  wild-type  or  mutant  MDM2  (2  pg)  and 
pi 4^  (2  pg)  were  transfected  into  p53-/~  and  MDM2"A  MEF  cells.  After  36  h  of 
incubation,  the  cells  were  trypsinized  and  plated  into  chamber  slides  for  another  12 
h.  After  fixation,  the  cellular  localization  of  MDM2  and  pl4w  were  detected  by 
using  antibodies  against  MDM2  (SMP14)  and  pH0  (Ab-1;  Neomarkers 
{AUTHOR— location?}),  respectively.  After  extensive  washing  in  PBS,  the  samples 
were  further  incubated  with  Texas-Red-conjugated  goat  anti-mouse  IgG  and  FITC- 
conjugated  goat  anti-rabbit  plus  Dapi  and  examined  under  a  fluorescent  microscope 
(Zeiss).  For  each  transfection  staining,  cells  producing  both  MDM2  and  pi 4^  are 
shown  on  the  left-hand  side  and  cells  expressed  only  pi 4^  are  shown  on  the  right- 
hand  side. 


to  bind  p300  and  pl9ARF,  we  investigated  whether  the  loss  of  p53 
ubiquitination  in  DN-Akt  3T3  cells  was  due  to  changed  binding  of 
MDM2  to  p300  and  pl9ARF.  We  immunoprecipitated  MDM2  from 
HER-2lneu  3T3  or  DN-Akt  3T3  cells  and  examined  MDM2’s  asso¬ 
ciation  with  p300  and  pl9ARF.  We  found  that  MDM2  from  HER- 
2lneu  3T3  cells  bound  much  more  strongly  to  p300  than  in  DN- 
Akt  3T3  cells  (Fig.  7a).  However,  pl9ARF  binding  to  MDM2  was  dra¬ 
matically  lower  in  HER-2/neu  3T3  cells  than  in  DN-Akt  3T3  cells 
(Fig.  7a).  The  differences  in  p300  and  pl9ARF  bound  by  MDM2 
between  HER-2/neu  3T3  and  DN-Akt  3T3  cells  were  not  due  to  a 
difference  in  protein  levels,  because  equal  amounts  of  MDM2  were 
immunoprecipitated  from  these  cells  and  the  expression  of  p300 
and  pl9ARF  in  these  cells  was  the  same  (Fig.  7A).  We  also  transfect¬ 
ed  wild-type  MDM2  and  phosphorylated  forms  of  MDM2  (S166D, 
S186D  or  S166,186DD)  into  MDM2-/_  and  p53“'“  cells,  and 
analysed  the  binding  of  these  phosphorylated  forms  of  MDM2 
with  p300.  As  seen  in  Fig.  7b,  after  immunoprecipitating  the  p300, 
the  association  of  phosphorylated  forms  of  MDM2  to  p300  was 
stronger  than  that  of  wild-type  MDM2.  Similarly,  when  we 
immunoprecipitated  the  wild-type  and  phosphorylated  forms  of 
MDM2,  we  found  that  more  p300  bound  to  the  phosphorylated 
forms  of  MDM2.  These  results  indicate  that  Akt  can  phosphorylate 
MDM2  at  Seri 66  and  Seri 86,  and  that  the  phosphorylated  MDM2 
has  a  stronger  binding  with  p300  than  the  unphosphorylated  form 
{AUTHOR— OK?}. 

We  also  transfected  wild-type  MDM2  and  phosphorylated 
forms  of  MDM2  (S166D,  S186D  or  S166,186DD)  into  MDM2_/~ 
and  p53~'~  cells  with  pl4ARF,  and  analysed  the  binding  of  these  phos¬ 
phorylated  forms  of  MDM2  with  pl4ARF.  As  shown  in  Fig.  7c, 
slightly  less  of  the  associated  phosphorylated  forms  of  MDM2  were 
present  after  immunoprecipitating  the  pl4ARF  than  of  wild-type 
MDM2.  The  ARF  protein  binds  directly  to  MDM2  to  block  p53 
degradation  by  inhibiting  the  ubiquitin  E3  ligase  activity  associat- 
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Figure  9  Sensitization  of  etoposide-induced  apoptosis  by  DN-Akt  can  be 
suppressed  by  nuclear  MDM2  (S166.186DD).  a,  Nuclear  MDM2  blocks  DN- 
Akt-mediated  sensitization  to  etoposide-induced  apoptosis.  HER-2/neu  3T3  and  DN- 
Akt  3T3  cells  were  transfected  with  a  mimic  phosphorylation  form  of  MDM2 
(S166.186DD)  and  then  treated  with  etoposide  (20  pM)  for  48  h  or  left  untreated. 
The  apoptotic  cells  in  each  sample  were  analyaed  by  fluorescence-activated  cell 
sorting  as  described  in  Fig.  lc.  b,  HER-2/neu  3T3  and  DN-Akt  3T3  cells  were  trans¬ 
fected  with  MDM2  S166.186DD  and  a  luciferase  plasmid.  After  12  h  of  transfec¬ 
tion,  cells  were  treated  with  20  pM  etoposide  and  incubated  for  another  36  h.  The 
cell  lysates  were  prepared  and  the  luciferase  activity  in  each  sample  was  meas¬ 
ured.  c,  A  model  showing  how  HER-2/neu  induces  the  nuclear  localization  and 
altered  binding  of  MDM2  with  p300  and  pl9ARf  via  Akt. 


ed  with  MDM2  (ref.  27)  and  by  sequestering  MDM2  in  nucleoli  to 
prevent  its  export  to  the  cytoplasm.  There  is  persuasive  evidence 
that  ARF  can  inhibit  the  ubiquitin  ligase  activity  of  MDM2  in  vitro. 


but  exactly  how  ARF  affects  the  nucleus-cytoplasm  shuttling  of 
MDM2  remains  a  matter  of  debate15.  Current  models  propose  that 
ARF  function  depends  on  its  ability  to  sequester  MDM2  in  the 
nucleolus15.  We  examined  whether  the  nucleoplasmic  or  nucleolus 
localization  was  different  in  wild-type  and  mutant  MDM2  pro¬ 
teins.  We  transfected  p53_/~  and  MDM2_/“  MEF  cells  with  pl4ARF 
together  with  wild-type  or  mutants  of  MDM2,  and  examined  the 
nucleus  and  nucleolus  localization  of  MDM2  by  immunofluores¬ 
cence  analysis.  As  shown  in  Fig.  8,  wild-type  MDM2  was  found 
uniformly  in  nucleoplasm  in  the  presence  or  absence  of  pl4ARF.  In 
the  absence  of  MDM2,  pI4ARF  was  predominantly  found  in  the 
nucleolus.  Interestingly,  MDM2  protein  was  not  sequestered  in 
nucleolus  by  pi  4^,  but  rather  brought  the  pl4ARF  out  of  nucleolus 
to  the  nucleoplasm.  Our  findings  agree  with  recent  studies  that 
demonstrated  that  p!4ARF  can  inhibit  MDM2  function  without 
relocalizing  MDM2  to  the  nucleolus35.  The  cellular  and  subnuclear 
localization  of  MDM2  and  ARF  might  depend  on  dynamic  or  stat¬ 
ic  complex  formation  among  MDM2,  p53,  ARF,  Akt  and  some 
other  proteins.  Future  systemic  studies  are  required  to  clarify  these 
issues.  Taken  together,  our  results  indicate  that  Akt  phosphorylates 
MDM2  at  Seri 66  and  Serl86,  and  that  the  phosphorylated  MDM2, 
which  has  a  stronger  binding  with  p300  and  weaker  association 
with  pl9ARF,  increases  its  nuclear  localization  and  so  leads  to  p53 
degradation. 

Sensitization  of  etoposide-induced  apoptosis  by  DN-Akt  can  be 
suppressed  by  nuclear  MDM2  (S166,186DD).  As  shown  in  Fig.  2, 
blocking  the  Akt  pathway  stabilizes  p53  and  therefore  sensitizes 
cells  to  etoposide-induced  apoptosis.  MDM2  protein  from  the 
nuclear  MDM2  mutant  is  found  in  the  nucleus  and  is  constitutive- 
ly  active  without  phosphorylation  by  Akt  (Figs  5,  7).  Thus,  the 
nuclear  MDM2  mutant  should  be  able  to  suppress  etoposide- 
induced  apoptosis  to  which  the  cell  is  sensitized  by  blocking  the  Akt 
pathway.  To  address  this  issue,  we  transfected  HER-2/neu  3T3  and 
DN-Akt  3T3  cells  with  the  double  mutant  of  MDM2 
($166,186DD)  and  measured  their  apoptosis  after  treatment  with 
etoposide.  As  shown  in  Fig.  9a,  the  HER-2/ neu  3T3  cells  are  resist¬ 
ant  to  etoposide-induced  apoptosis,  but  blockage  of  the  Akt  path¬ 
way  in  DN-Akt  3T3  cells  sensitizes  the  cells  to  apoptosis.  However, 
when  the  S166,186DD  mutant  of  MDM2  was  transfected  into  DN- 
Akt  3T3  cells,  the  apoptosis  induced  by  etoposide  in  DN-Akt  3T3 
cells  was  dramatically  suppressed.  Similar  results  were  obtained 
when  we  transfected  with  a  luciferase  reporter  gene  along  with  the 
double  mutant  of  MDM2  and  measured  the  luciferase  activity  after 
treatment  with  etoposide  (Fig.  9b).  Together,  our  results  indicate 
that  the  sensitization  of  etoposide-induced  apoptosis  by  the  block¬ 
age  of  Akt  pathway  can  be  suppressed  by  a  nuclear  MDM2  mutant 
(S166,186DD). 


Discussion 

The  tumour  suppresser  p53  plays  a  crucial  role  in  controlling  cell 
proliferation  and  apoptosis.  In  unstressed  cells,  p53  is  latent  and  is 
maintained  at  low  levels  by  targeted  degradation  mediated  by  its 
negative  regulator,  MDM2  (refs  14,17,20).  The  ability  of  MDM2  to 
ubiquitinate  and  degrade  p53  depends  on  its  E3  ligase  activity  and 
its  ability  to  shuttle  between  the  nucleus  and  the  cytoplasm,  which 
is  regulated  by  its  NLS  and  NES20.  The  transcriptional  coactivator 
p300  has  also  been  shown  to  form  a  ternary  complex  with  MDM2 
to  facilitate  the  degradation  of  p53  (refs  22,23).  However,  the  activ¬ 
ity  of  MDM2  is  negatively  regulated  by  pl9ARF,  which  inhibits  its  E3 
ligase  activity15.  Because  the  regions  that  control  MDM2  cellular 
localization  and  binding  with  p300  and  pl9ARF  overlap,  the  issues  of 
when,  where  and  how  MDM2  is  localized  and  interacts  with  func¬ 
tionally  opposite  molecules  such  as  p300  and  p!9ARF  are  crucial  to 
understanding  the  function  of  MDM2  and  its  regulation  of  p53. 

In  this  study,  we  have  identified  a  novel  mechanism  that  con¬ 
trols  the  cellular  localization  of  MDM2  and  its  interaction  with 
p300  and  pl9ARF.  We  show  that  Akt  physically  associates  with 


8 


NATURE  CELL  B!OLOGY|VOL  3 [NOVEMBER  2001  [http://cellbio.nature.com 


articles 


Iftble  1  Immunoreactlvity  of  MDM2,  Akt-p  and  HER-2/neu  in 
(surgical  specimens  of  breast  cancer 

HER-2/neu  and  Akt-p  staining 

Negative  Positive 

MDM2  staining _ (n  =  12) _ (n  =  21) _ Total _ 

Mainly  nucleus _ 1  (3%) _ 16  (49%) _ 17  (51%) 

Mainly  cytoplasm  11(33%) _ 5(15%) _ 16  (49%) 

Total _ 12(36%)  21(64%)  33(100%) 

The  33  surgical  specimens  of  breast  cancer  were  stained  for  HER-2/neu,  phosphoryla¬ 
tion  form  of  Akt  and  MDM2  as  shownin  Fig.  6.  The  expression  patterns  of  these  three 
molecules  in  the  samples  from  each  patient  was  determined  and  summarized. 

Correlation  of  subcell ular  localization  of  MDM2  and  the  expression  of  phosphorylation  of 
Akt  was  analysed  by  using  Fisher’s  exact  test  (P  >  0.001).  A  P  value  of  less  than  0.05 
was  set  as  the  criterion  for  statistical  significance. 


MDM2  and  phosphorylates  it  at  Serl66  and  Serl86.  Our  results, 
together  with  previous  findings14-29,  lead  us  to  propose  a  model  for 
how  Akt  affects  the  ubiquitination  and  degradation  of  p53  (Fig. 
9c).  Akt  phosphorylates  MDM2  and  induces  its  nuclear  transloca¬ 
tion,  and  the  phosphorylated  MDM2  binds  p300  but  not  to  p  1 9ARF. 
Binding  to  p300  provides  a  platform  to  facilitate  the  assembly  of 
the  phosphorylated  MDM2-p300-p53  complex  and  leads  to  the 
ubiquitination  and  degradation  of  p53.  Blocking  the  Akt  pathway 
with  DN-Akt  prevents  the  nuclear  translocation  of  MDM2.  The 
unphosphorylated  MDM2  in  the  nucleus  only  binds  pl9ARF  but  not 
to  p300.  Binding  to  pl9ARF  inhibits  MDM2s  ubiquitin  E3  ligase 
activity  and  consequently  stabilizes  the  p53  protein. 

It  is  evident  that  many  of  the  tumours  with  wild-type  p53  show 
defects  in  the  ability  to  induce  a  p53  response.  Overexpression  of 
MDM2  is  found  in  many  types  of  tumour16.  In  addition,  pl9ARF,  the 
negative  regulator  of  MDM2,  is  also  often  deleted  or  mutated  in  a 
wide  spectrum  of  cancers15.  Thus,  overexpression  of  MDM2  and 
the  lack  of  pl9ARF  in  cancers  greatly  increase  the  ability  of  MDM2 
to  degrade  p53,  and  cause  a  problem  for  gene  therapy  using  p53 
constructs.  Overexpression  of  HER-2/neu  is  known  to  activate  the 
Akt  pathway  and  to  confer  resistance  to  the  apoptosis  induced  by 
many  chemotherupeutic  drugs30.  We  show  that  blocking  the  Akt 
pathway  inhibits  the  nuclear  translocation  of  MDM2  and  the  bind¬ 
ing  of  p300,  and  allows  the  binding  of  pl9ARF,  so  sensitizing  the 
HER-2/neu- overexpressing  cells  to  DNA-damaging  agents.  Our 
results  might  open  an  avenue  for  developing  novel  anticancer  ther¬ 
apies  for  HER-2/neu- overexpressing  or  Akt-activating  cancers.  □ 

Methods 

Materials. 

The  DNA-damaging  agents  etoposide  and  doxorubicin  were  purchased  from  Calbiochem.  The  DNA 
dye  Dapi  and  anti-HA  (12C5)  antibody  were  purchased  from  Roche  Molecular  Biochemicals.  The 
anti-p53  antibodies  Ab-1  and  Ab-7,  the  anti-MDM2  antibodies  SMP  14  and  2A10,  and  the  anti-p300 
and  anti-pi  9ARF  antibodies  were  obtained  from  Oncogene  Research  and  Santa  Cruz  Biotechnology, 
respectively.  {AUTHOR — which  antibody  was  from  which  company?)  Female  nude  mice  {NuINn,  6 
weeks  old)  were  purchased  from  Harland  (AUTHOR — location?). 

MDM2  constructs. 

A  BflfnHI  and  an  £coRl  site  were  generated  near  the  start  and  termination  codons,  respectively,  in 
human  MDM2  by  PCR  and  subdoned  into  the  expression  vector  pcDNA3.  Site-directed  mutagenesis 
was  performed  as  described  previously'.  Serl66  and  Serl86  in  MDM2  were  replaced  by  Asp  by  using 
the  following  primers:  forS166D,  5/-CTAGAAGGAGAGCAATTGATGACACAGAAGAAAATTC-3/; 
and  for  S 186D,  5'-GAAAACGCCACAAAGATGATAGTATTTCCC-3'.  The  sequences  of  the  wild-type 
and  mutant  MDM2  constructs  were  verified  by  automated  sequencing.  To  generate  wild-type  and 
mutant  MDM2  GST-tagged  bacterial  expression  constructs,  the  same  fragments  containing  the  wild- 
type  and  mutant  MDM2  were  subdoned  into  the  bacterial  expression  vector  pGEX4T-3  (Pharmacia). 
Expression  of  wild-type  and  mutant  MDM2  proteins  was  induced  in  Escherichia  coli  strain  BL21  and 


purified  by  glutathione-Sepharose  chromatography  (Pharmacia). 

Cell  culture. 

NIH3T3,  HER-2/nai  3T3,  p53  and  MDM2-deficient  MEF,  and  293T  cells  were  cultured  in  Dulbecco’s 
modified  Eagle's  medium/FI  2  medium  supplemented  with  10%  foetal  bovine  serum.  The  DN-Akt 
transfectants  of  HER-2lncu  3T3  cells  were  grown  under  the  same  conditions  except  that  200  Hg  ml  ' 
G418  was  added  to  the  culture  medium'.  The  293T  cells  were  transfected  by  the  calcium  phosphate 
technique  and  p53-  and  MDM2-deficient  cells  by  the  liposome  method. 

In  vitro  growth  rate  analysis. 

The  in  vitro  growth  rates  of  the  cell  lines  were  assessed  by  the  MTT  assay  as  described  previously'. 

pH]-Thymidine  incorporation  assay. 

The  proliferation  rates  of  the  cell  lines  were  analysed  by  measuring  pH] -thymidine  incorporation  as 
described  previously5. 

In  vivo  tumour  growth  analysis. 

The  nude  mice  were  randomly  divided  into  four  groups  of  five  mice  each.  Two  groups  of  mice  were 
subcutaneously  inoculated  with  5x10'  cells  of  HER-2/ncu  3T3  or  DN-Akt  3T3  cells  per  mouse.  The 
tumour  taking  rate  {AUTHOR — what  is  this?)  was  100%  for  both  cell  types.  On  days  5  and  7  after 
inoculation,  one  group  from  each  cell  line  was  giving  two  intravenous  injections  of  etoposide  (20  nig 
kg"1)  via  the  tail  vein.  Another  two  groups  of  mice  were  injected  with  the  same  volume  of  normal 
saline  (the  solvent  for  etoposide)  as  a  control.  The  tumour  volume  (V)  was  measured  every  2  days  and 
calculated  as  V  =  0.5  x  air,  where  a  and  b  are  the  longest  and  shortest  diameters  of  the  tumour,  respec¬ 
tively.  {AUTHOR — do  you  mean  ax(lE)  or  (oxb)2?}  The  experiment  was  stopped  15  days  after  inocula¬ 
tion  and  the  results  were  tested  statistically  using  two-sided  log-rank  analysis. 

In  vitro  kinase  assay. 

293T  cells  (2x1 05)  were  transfected  with  20  ng  of  HA-tagged  CA-Akt  or  DN-Akt.  48  h  after  transfec¬ 
tion,  Akt  was  immunoprecipitated  from  cell  extracts  and  incubated  with  5  pg  of  purified  GST-MDM2 
(wild-type  or  mutant)  in  the  presence  of  5  pCi  of  [y-'!P| ATP  and  50  niM  cold  ATP  in  a  kinase  buffer 
for  30  min  at  30 °C  as  described  previously5.  The  reaction  products  were  resolved  by  SDS-PAGE  and 
the  ,2P-labelled  proteins  were  visualized  by  autoradiography. 

Immunoprecipitation  and  immunoblotting. 

Cells  were  washed  twice  with  PBS  and  scraped  into  500  pi  of  lysis  buffer  {AUTHOR— what  is  this?}. 
After  a  brief  sonication,  the  lysate  was  centrifuged  at  14,000  gfor  5  min  at  4°C  to  remove  the  insoluble 
cell  debris.  Immunoprecipitation  and  immunoblotting  were  performed  as  described  previously5. 

In  situ  immunofluorescent  staining. 

-2x10'  celts  of  HER-2/ncu  3T3  or  DN-Akt  3T3  cells  were  plated  into  chamber  slides  for  16  h.  After  fix¬ 
ation  in  4%  paraformaldehyde  for  1  h  and  permeabilization  with  0.2%  Triton  X-100  for  30  min,  the 
cellular  localization  of  MDM2  was  determined  by  using  a  monoclonal  antibody  against  MDM2 
(SMP14)  diluted  1:1000.  After  extensive  washing  in  PBS,  the  samples  were  further  incubated  with 
Texas- Red-conjugated  goat  anti-mouse  IgG  (diluted  1 :500)  plus  Dapi  (0.1  pg  ml1)  for  1  h.  After  exten¬ 
sive  washing,  the  samples  were  examined  under  a  fluorescent  microscope  (Zeiss).  Nonspecific  reaction 
of  the  secondary  antibody  was  ruled  out  by  the  absence  of  fluorescence  under  the  microscope. 

RECEIVED  2  MAY  2001;  REVISED  24  JULY  2001;  ACCEPTED  3  SEPTEMBER  2001; 

PUBLISHED  2001. _ 

1.  Slamon,  D.  J.  ct  al.  (1987)  Human  breast  cancer:  correlation  of  relapse  and  survival  with  amplifica¬ 
tion  of  the  HER-2/ncu  oncogene.  Science  235,  177-182. 

2.  Slamon,  D.  J.  etal.  (1989)  Studies  of  the  HER-2/neu  proto-oncogene  in  human  breast  and  ovarian 
cancer.  Science  244, 707-712. 

3.  Yu,  D.  &  Hung,  M.-C.  (2000)  in  DNA  Alterations  in  Cancer  (eds  Ehrlich,  M.  and  Natick,  M.A.),  Ch. 
21  {AUTHOR— OK?  Please  also  give  the  publisher’s  name.) 

4.  Zhou,  B.  P.  ct  al.  (2000)  HER-2frtcu  blocks  tumor  necrosis  factor-induced  apoptosis  via  the  Akt/NF- 
kB  pathways.  }.  Biol  Chcm.  275, 8027-8031. 

5.  Zhou,  B.  P.  ct  al  (2001)  Cytoplasmic  localization  of  p21Ci‘,|'l'*Ari  by  Akt-induced  phosphorylation  in 
HER-2/ncu-overexpressing  cells.  Nature  Cell  Biol  3,  245-252. 

6.  Downward,  J.  (1998)  Mechanisms  and  consequences  of  activation  of  protein  kinase  B/Akt.  Carr. 
Opin.  Cell  Biol.  10,  262-267. 

7.  Datta,  S.  R.,  Brunet,  A.  8c  Greenberg,  M.  E.  (1999)  Cellular  survival:  a  play  in  three  Akts.  Ccncs  Dev. 
13,  2905-2927. 

8.  Peso,  L.  D.,  Gonzalez-Garcia,  M.,  Page,  C.,  Herrera,  R.  &  Nunez,  G.  (1997)  Interleukin-3-induced 
phosphorylation  of  bad  through  the  protein  kinase  Akt.  Science  278, 687-689. 

9.  Cardone,  M.  H.  cf  al.  (1998)  Regulation  of  cell  death  protease  caspase-9  by  phosphorylation. 

Science  282, 1318-1321. 

10.  Brunet,  A.  etal.  (1999)  Akt  promotes  cell  survival  by  phosphorylating  and  inhibiting  a  forkhead 
transcription  factor.  Cell  96, 857-868. 

1 1 .  Kops,  G. ).  P.  L  ef  al  (1999)  Direct  control  of  the  forkhead  transcription  factor  AFX  by  protein 
kinase  B.  Nature  398,  630-634. 

12.  Ozes,  O.  N.  ef  al.  (1999)  NF-tcB  activation  by  tumor  necrosis  factor  requires  the  Akt  serine-threo¬ 
nine  kinase.  Nnmre40l,  82-85. 

13.  Sabbatini,  P.  8c  McCormick,  F.  (1999)  Phosphoinositide  3-OH  kinase  (P13K)  and  PKB/Akt  delay 
the  onset  of  p53-mediated,  transcriptionally  dependent  apoptosis.  /.  Biol  Chcm.  274,  24263-24269. 

14.  Woods,  D.  B.  8c  Vousden,  K.  H.  (2001)  Regulation  of  p53  function.  Exp.  Cell  Res.  264,  56-66. 

15.  Sherr,  C.  J.  8c  Weber, ).  D.  (2000)  The  ARF/p53  pathway.  Cur.  Opin.  Genet.  Dev.  10, 94-99. 

16.  Vousden,  K.  H.  (2000)  p53:  death  star.  Cell  103,  691-694. 

17.  Vogelstein,  B.,  Lane,  D.  8<  Levine,  A.  J.  (2000)  Surfing  the  p53  network.  Nuttirc  408,  307-310. 


NATURE  CELL  BIOLOGY  | VOL  3 1  NOVEMBER  2001  lhttp://ce!lbio.nature.com 


9 


articles 


18.  Hupp.  T.  R.,  Lane,  D.  P.  &  Ball,  K.  L.  (2000)  Strategies  for  manipulating  the  p53  pathway  in  the 
treatment  of  human  cancer.  Biochem.  /.  352,  1-17. 

19.  Caspari,  T.  (2000)  Checkpoints:  how  to  activate  p53.  Curr.  Biol  10.  R315-R317. 

20.  Momand, ).,  Wu,  H.-H.  8c  Dasgupta,  G.  (2000)  MDM2— master  regulator  of  the  p53  tumor  sup¬ 
pressor  protein.  Gem*  242,  15-29. 

2 1 .  Colman,  M.  S.,  Afshari,  C.  A.  &  Barrett. ).  C.  (2000)  Regulation  of  p53  stability  and  activity  in 
response  to  genotoxic  stress.  Mut.  Res.  462, 179-188. 

22.  Lill,  N.  L..  Grossman,  S.  R.,  Ginsberg,  D.,  DeCaprio,  I.  8c  Livingston,  D.  M.  (1997)  Binding  and 
modulation  of  p53  by  p300/CBP  coactivators.  Nature  387,  823-827. 

23.  Grossman,  S.  R.  etal.  (1998)  p300/.MDM2  complexes  participate  in  MDM2-mediated  p53degrada- 
tion.  Mol  Cell  2, 405-415. 

24.  Pomerantz, ).  et  al  (1998)  The  Ink4a  tumor  suppressor  gene  product,  pl9*'r,  interacts  with  MDM2 
and  nuetralizes  MDM2’s  inhibition  of  p53.  Cc//92, 713-723. 

25.  Zhang,  Y.(  Xiong,  Y.  8c  Yarbrough,  W.  G.  (1998)  ARF  promotes  MDM2  degradation  and  stabilizes 
p53:  ARF-Ink4a  locus  deletion  impairs  both  Rb  and  p53  tumor  suppressor  pathways.  Cell  92, 
725-734. 

26.  Sherr,  C.  J.  (2000)  The  Pezcoller  lecture:  cancer  cell  cycles  revisited.  Cancer  Res.  60, 3689-3695. 

27.  Honda,  R.  8c  Yasuda,  H.  (1999)  Association  of  pl9ARF  with  MDM2  inhibits  ubiquitin  ligase  activi¬ 
ty  of  MDM2  for  tumor  suppressor  p53.  EMBO  /.  18,  22-27. 

28.  Weber,  J.  D.,  Taylor,  L.  J.,  Roussel,  M.  F.,  Sherr,  C.  J.  8c  Bar-Sagi,  D.  (1999)  Nucleolar  Arf  sequesters 
Mdm2  and  activates  p53.  Nature  Cell  Biol  1, 20-26. 

29.  Zhang,  Y.  8c  Xiong,  Y.  (1999)  Mutation  in  human  ARF  exon  2  disrupt  its  nucleolar  localization  and 
impair  its  ability  to  block  nuclear  export  of  MDM2  and  p53.  Mcl  Cell  3,  579-591. 

30.  Yu,  D.  8c  Hung,  M.-C.  (2000)  Rote  of  erbB2  in  breast  cancer  chemosensitivity.  BioEssays  22, 
673-680. 

31.  Tsai,  C.  M.  et  al  (1995)  Enhanced  chemoresistance  by  elevation  ofpl85  levels  in  H£R-2/ n«i-trans- 
fected  human  lung  cancer  cells.  ].  Natl  Cancer  Inst.  87, 682-684. 

32.  Zhou,  B.-B.  S.  8c  Elledge,  S.  J.  (2000)  The  DNA  damage  response:  putting  checkings  in  perspective. 
Nature  408, 433-439. 

33.  Freedman.  D.  A.  8c  Levine,  A.  J.  (1998)  Nuclear  export  is  required  for  degradation  of  endogenous 
p53  by  MDM2  and  human  papillomavirus  E6.  Mol  Cell.  Biol  18,  7288-7293. 

34.  Khosravi,  R.  etal  (1999)  Rapid  ATM-dependent  phosphorylation  ofMDM2  precedes  p53  accu¬ 
mulation  in  response  to  DNA  damage.  Proc.  Nad.  Acad.  Sri.  L ISA  96,  14973-14977. 

35.  Lianos,  S.,  Clark,  P.  A.,  Rowe,  1. 8c  Peters,  G.  (2001)  Stabilization  of  p53  by  pl4ARF  without  reloca¬ 
tion  of  MDM2  to  the  nucleolus.  Nature  Cell.  Biol  3, 445-452. 


ACKNOWLEDGEMENTS 

We  thank  G.  Lozano  for  kindly  providing  p53' ''  MEF  and  p53'~,  MDM2  MEF  cells.  This  work  was 
supported  by  grants  CA  58880,  CA  77858  and  CA  78633,  by  a  SPORE  grant  in  ovarian  cancer  (CA 
83639)  (to  M.-C.  H.),  and  by  the  Nellie  Connatly  Breast  Cancer  Research  Fund  at  the  M.  D.  Anderson 
Cancer  Center  (to  M.-C.  H.).  B.  P.  Z.  and  Y.  L.  are  recipients  of  postdoctoral  fellowships  from  US 
Department  of  Defense  Breast  Cancer  Research  Training  Grant  DAMD17-99-1-9264  and  US 
Department  of  Defense  Breast  Cancer  Research  Program  (DAMD17-01-0300),  respectively. 
Correspondence  and  requests  for  materials  should  be  addressed  to  M.-C.  H. 


10 


NATURE  CELL  BIOLOGY | VOL  3 1  NOVEMBER  2001 1 http://cellbio.nature.com 


3832  Vol.  6,  3832-3836,  October  2000 


Clinical  Cancer  Research 


Advances  in  Brief 

Adenovirus  5  Early  Region  1A  Does  Not  Induce  Expression  of  the 
Ewing  Sarcoma  Fusion  Product  EWS-FLI1  in  Breast  and 
Ovarian  Cancer  Cell  Lines1 


Funda  Meric,  Yong  Liao,  Wei-Ping  Lee, 

Raphael  E.  Pollock,  and  Mien-Chie  Hung2 

Departments  of  Surgical  Oncology  [F.  M.,  R.  E.  P.,  M-C.  H.]  and 
Molecular  and  Cellular  Oncology  [Y.  L.,  W-P.  L.,  M-C.  H.],  The 
University  of  Texas  M.  D.  Anderson  Cancer  Center,  Houston,  Texas 
77030 


Abstract 

The  adenovirus  5  early  region  1A  (E1A)  can  function  as 
a  tumor  suppressor  gene  and  is  being  used  in  clinical  trials 
as  a  therapeutic  agent  for  advanced  breast,  ovarian,  and 
head  and  neck  cancer.  Recently,  there  has  been  a  dispute 
regarding  whether  transfection  with  the  El  A  gene  can  in¬ 
duce  expression  of  the  Ewing  sarcoma  oncogenic  fusion 
transcript  EWS-FLI1  (Sanchez-Prieto  et  al. ,  Nat.  Med.,  5; 
1076-1079,  1999;  Melot  and  Delattre,  Nat.  Med.,  5;  1331, 
1999;  Kovar  et  al ,  Cancer  Res.,  60:  1557-1560,  2000).  In  an 
effort  to  settle  the  controversy,  we  tested  several  stable  E1A 
transfectants  of  cell  lines  MDA-MB-231,  MCF-7,  MDA-MB- 
435  (breast  cancer),  SKOV3-ipl  (ovarian  cancer),  and  PC-3 
(prostate  cancer),  as  well  as  parental  and  vector-transfected 
controls,  HEK  293  cells,  and  RD-ES  (Ewing  sarcoma)  cells, 
for  the  EWS-FLI1  fusion  product.  The  EWS-FLI1  tran¬ 
script  could  not  be  identified  with  reverse  transcription- 
PCR  in  any  of  the  13  ElA-transfected  cell  lines  analyzed. 
Furthermore,  the  EWS-FLI1  fusion  protein  could  not  be 
detected  by  Western  blot  analysis  in  ElA-transfected  cell 
lines.  These  results  suggest  that  El  A  transfection  does  not 
necessarily  lead  to  expression  of  the  oncogenic  EWS-FLI1 
fusion  transcript.  Thus,  the  potential  induction  of  this  gene 
rearrangement  by  E1A  gene  therapy  is  unlikely  to  be  clini¬ 
cally  significant  in  the  treatment  of  advanced  malignant 
disease. 
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Introduction 

The  adenovirus  El  A3  can  function  as  a  tumor  suppressor 
gene  (reviewed  in  Refs.  1  and  2).  El  A  can  down-regulate  the 
erbB2  oncogene  to  suppress  tumorigenesis,  and  it  can  suppress 
metastasis  by  additional  molecular  mechanisms.  Furthermore, 
El  A  sensitizes  cells  to  cellular  host  immune  responses  and  to 
apoptotic  agents  such  as  anticancer  drugs,  tumor  necrosis  factor, 
and  irradiation.  The  El  A  protein  is  under  active  investigation  as 
a  potential  therapeutic  agent.  A  Phase  I  clinical  trial  of  EIA  gene 
therapy  for  patients  with  advanced  breast  and  ovarian  cancer  has 
recently  been  completed  (3),  and  Phase  II  trials  are  currently  in 
progress. 

Ewing  sarcoma  11;22  translocation  results  in  a  rearrange¬ 
ment  between  EWS  on  chromosome  22ql2  and  FLI1  on  chro¬ 
mosome  1  lq24,  leading  to  a  chimeric  transcription  factor,  EWS- 
FLI1,  that  has  potent  transforming  activity  (4).  Sanchez-Prieto 
et  al.  (5)  have  recently  reported  that  the  adenoviral  EIA  protein 
has  the  ability  to  induce  expression  of  the  EWS-FLI1  fusion 
protein.  However,  data  from  the  studies  of  Melot  and  Delattre 
(6)  and  Kovar  et  al  (7,  8)  do  not  support  this  concept.  De  Alava 
et  al.  (9)  have  suggested  that  this  discrepancy  may  be  due  to  the 
types  of  subclones  and  assay  conditions  used.  Because  of  this 
controversy  and  because  the  induction  of  the  oncogenic  EWS- 
FLI1  transcript  by  El  A  transfection  could  have  significant  con¬ 
sequences  in  the  setting  of  EIA  gene  therapy,  we  tested  stable, 
ElA-transfected  breast  and  ovarian  cancer  cell  lines  for  the 
expression  of  the  EWS-FLI1  fusion  product. 

Materials  and  Methods 

Cell  Cultures,  Plasmids,  and  Retroviral  Vectors.  The 

human  breast  cancer  cell  lines  MCF-7  and  MDA-MB-231  and 
ovarian  cancer  cell  line  SKOV3-ipl  with  and  without  transfec¬ 
tion  of  El  A  were  routinely  maintained  in  DMEM  (Life  Tech¬ 
nologies,  Inc.)  supplemented  with  10%  fetal  bovine  serum  (Sig¬ 
ma,  St.  Louis,  MO).  Stable  cells  expressing  wild-type  EIA  or 
12S  EIA  were  established  by  transfecting  cells  with  the  E1A- 
expressing  plasmid  pElA-neo  or  12S  EIA  plasmid  DNA  plus 
pSV-neo.  The  transfectants  were  grown  under  the  same  condi¬ 
tions  as  controls,  except  that  G418  was  added  to  the  culture 
medium.  Expression  of  EIA  was  verified  by  Western  blot 
analysis  using  monoclonal  anti-El  A  antibody  M58  (Oncogene 
Science,  Cambridge,  MA).  The  human  Ewing  sarcoma  cell  line 
RD-ES  was  obtained  from  American  Type  Culture  Collection 
(Manassas,  VA)  and  maintained  in  RPMI  1640  supplemented 
with  15%  fetal  bovine  serum. 


3  The  abbreviations  used  are:  EIA,  5  early  region  1A;  RT-PCR, 
reverse  transcription-PCR;  GAPDH,  glyceraldehyde-3-phosphate  de¬ 
hydrogenase. 
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RT-PCR.  Total  RNA  was  isolated  from  cell  lines  with 
Trizol  reagent  (Life  Technologies,  Inc.).  One  fig  of  total  RNA 
was  reverse  transcribed  after  priming  with  oligo(dT)  primers 
using  the  Superscript  Preamplification  System  (Life  Technolo¬ 
gies,  Inc.).  The  single-stranded  cDNA  was  amplified  by  40  PCR 
cycles  of  denaturing  at  94°C  for  45  s,  annealing  at  58°C  for  1 
min,  and  extension  at  72°C  for  30  s.  RNA  from  the  Ewing 
sarcoma  cell  line  RD-ES  was  used  as  a  positive  control.  Primers 
described  previously  by  Sanchez-Prieto  et  al  (5)  were  used:  (a) 
1 1 .3  FLI1 , 5 ' - ACTCCCCGTTGTTGGTCCCCTCC-3 ' ;  (b)  22.3 
EWS,  5 '  -TCCT  AC  AGCC  A  AGCTCC  A  AGTC-3 ' ;  (c)  11.4 

FLI1,  5'-CAGGTGATACAGCTGGCG-3';  and  (d)  22.4  EWS, 
5 '  -CC  A  AC  AG  AGC  AGC  AGCTAC-3 ' .  Nested  PCR  was  first 
performed  using  the  1 1.3  FLI1  and  22.3  EWS  primers  and  then 
performed  using  the  1 1.4  FLI1  and  22.4  EWS  primers.  Expres¬ 
sion  of  the  El  A  transcripts  was  confirmed  by  RT-PCR  using 
primers  5'-GCGCCTGCTATCCTGAGA-3'  and  5'-CCGCTC- 
GAGTTATGGCCTGGGGCGTTTACA-3 ' .  Amplification  of 
GAPDH  was  performed  as  a  control  using  primers  5'-AAGGT- 
GAAGGTCGGAGTCAAC-3 '  and  5 '  -C  ATG  AGTCCTTC- 
CACG  AT  ACC-3'.  Amplified  products  were  analyzed  by  1.5% 
agarose  gel  electrophoresis. 

Cloning  and  Sequencing.  RT-PCR  using  the  11.4  FLI1 
and  22.4  EWS  primers  (Fig.  la)  and  the  11.3  FLI1  and  22.4 
EWS  primers  was  performed  with  RNA  from  the  ElA-trans- 
fected  MDA-MB-231  cell  line  and  the  RD-ES  sarcoma  cell  line. 
The  amplified  products  were  subcloned  into  the  pCR  2.1  vector 
(Invitrogen,  Carlsbad,  CA).  The  recombinant  plasmids  were 
sequenced  and  compared  with  GenBank  database  sequences 
from  the  National  Center  for  Biotechnology  Information  using 
the  BLAST  algorithm. 

Southern  Blot  Analysis.  RT-PCR  products  were  sepa¬ 
rated  by  1 .5%  agarose  gel  electrophoresis  and  blotted  onto  nylon 
membranes  (GeneScreen;  New  England  Nuclear  Life  Science 
Products,  Boston,  MA).  The  membranes  were  hybridized  in 
RapidHyb  buffer  (Amersham  Corp,  Arlington  Heights,  IL)  and 
probed  with  the  RD-ES  11.4  FLI  1/22.4  EWS  fusion  fragment 
subcloned  previously.  The  probe  was  randomly  labeled  with 
[32P]dCTP  using  the  random  primers  DNA  labeling  system 
(Life  Technologies,  Inc.).  The  22.4  EWS  oligonucleotide  was 
radiolabeled  with  [y-32P]ATP  with  T4  polynucleotide  kinase 
(New  England  Biolabs,  Beverly,  MA). 

Western  Blot  Analysis.  Western  blot  analysis  of 
whole  cell  extracts  was  accomplished  using  standard  proce¬ 
dures.  Briefly,  cells  were  collected  and  lysed  with  buffer  A 
[20  him  Tris  (pH  7.5),  10%  glycerol,  1%  Triton  X-100,  0.15 
m  NaCl,  1  mM  (3-mercaptoethanol,  1  mM  Na3V04,  1  mM 
aprotinin,  1  mM  phenylmethylsulfonyl  fluoride,  and  0.1% 
(w/v)  bromphenol  blue].  Samples  were  heated  at  100°C  for  5 
min  and  separated  by  10%  SDS-PAGE.  After  transfer,  mem¬ 
branes  were  incubated  with  either  the  M73  antibody  (Onco¬ 
gene  Sciences,  Cambridge,  MA)  against  El  A  protein,  the 
antibody  against  FLI1  (PharMingen,  San  Diego,  CA),  or  the 
N-18  antibody  against  EWS  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA).  As  a  loading  control,  membranes  were  also 
incubated  with  an  antibody  against  actin  (Boehringer  Mann¬ 
heim,  Indianapolis,  IN). 


Results 

ElA-transfected  Cell  Lines  Do  Not  Express  the  EWS- 
FLI1  Fusion  Transcript.  Stable  El  A  transfectant  of  breast 
cancer  cell  line  MDA-MB-231  (231-E1A),  parental  and  vector- 
transfected  controls,  ElA-expressing  HEK  293  cells,  and 
RD-ES  (Ewing  sarcoma)  cell  lines  were  tested  for  the  EWS- 
FLI1  fusion  transcript.  When  RT-PCR  was  performed  using  the 
primer  set  1 1.4  FLI1  and  22.4  EWS  (see  “Materials  and  Meth¬ 
ods”),  two  products  (130  and  250  bp)  were  detected  in  the 
231-EIA  and  HEK  293  cells  but  not  in  the  parental  MDA-MB- 
231  or  vector-transfected  control  cells.  However,  the  EWS-FLI1 
probe  did  not  hybridize  to  these  products  on  Southern  hybrid¬ 
ization  (Fig.  la),  indicating  that  they  do  not  represent  the 
EWS-FLI1  fusion  transcript.  The  same  membrane  was  then 
hybridized  with  the  radiolabeled  22.4  EWS  oligonucleotide 
primer,  confirming  transfer  of  the  DNA  visualized  on  the 
ethidium-stained  gel  to  the  membrane.  The  amplification  pattern 
obtained  when  nested  PCR  was  performed  using  the  external 
11.3  FLI1  and  22.3  EWS  primers  followed  by  the  nested  inter¬ 
nal  11.4  FLU  and  22.4  EWS  primers  was  the  same  as  that 
obtained  after  PCR  with  11.4  FLI1  and  22.4  EWS  (described 
above;  data  not  shown).  RT-PCR  with  the  11.3  FLI1  and  22.4 
EWS  primers  amplified  a  340-bp  product  in  231-EIA  cells  but 
not  in  the  parental  cells  or  vector  controls.  Again,  Southern 
blotting  was  negative  for  these  samples  (Fig.  lb).  Thus,  al¬ 
though  El  A  is  able  to  induce  transcripts  that  can  be  amplified  by 
primers  derived  from  the  EWS  and  FLI1  genes,  the  ElA-induced 
transcripts  do  not  represent  the  EWS -FLI1  fusion  transcripts. 

To  confirm  and  understand  what  may  cause  false  posi¬ 
tive  RT-PCR  results  in  ElA-transfected  cell  lines,  the  RT- 
PCR  products  amplified  from  the  231-EIA  cell  line  and  the 
Ewing  sarcoma  line  RD-ES  were  subcloned  and  sequenced. 
Sequencing  of  the  RT-PCR  product  amplified  from  the 
RD-ES  cell  line  with  the  11.4  FLI1  and  22.4  EWS  primers 
confirmed  that  it  was  the  EWS-FLI1  fusion  product  (Fig.  lc). 
In  contrast,  sequencing  of  the  bands  from  the  231-EIA  trans- 
fectants  (Fig.  la)  proved  them  to  be  unrelated  genes;  the 
250-bp  band  corresponded  to  the  mRNA  for  the  human 
KIAA0477  protein,  and  the  130-bp  band  corresponded  to  the 
mRNA  for  the  human  KIAA0339  protein.  The  RT-PCR  prod¬ 
ucts  were  homologous  to  the  fusion  product  EWS-FLI1  only 
in  the  primer  sequences,  with  100%  homology  in  the  3'  ends 
of  the  11.4  FLI1  and  22.4  EWS  primers  (Fig.  Id).  The 
sequence  of  the  340-bp  product  amplified  from  the  231-EIA 
cell  line  with  11.3  FLI1  and  22.4  EWS  primers  (Fig.  lb) 
corresponded  to  that  of  human  ribosomal  protein  L4  mRNA. 
Again,  there  was  sequence  homology  between  the  22.4  EWS 
primer  and  the  L4  sequence  (the  L4  3 '-untranslated  region 
sequence  annealing  to  the  11.3  primer  is  not  available  in 
GenBank  for  comparison).  Thus,  all  of  the  amplified  RT-PCR 
products  in  cell  lines  other  than  RD-ES,  represented  false 
positive  results.  These  genes  may  be  up-regulated  with  El  A 
transfection  and  deserve  further  study. 

A  total  of  13  stable  El  A  transfectant  El  A  cell  lines  includ¬ 
ing  MDA-MB-231,  MCF-7,  MDA-MB-435  (breast  cancer), 
SKOV3-ipl  (ovarian  cancer),  and  PC-3  (prostate  cancer)  were 
tested  for  the  EWS -FLI  1  fusion  transcript  using  RT-PCR.  The 
actual  EWS-FLI1  fusion  transcript  could  not  be  detected  in  any 
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Fig .  1  RT-PCR  and  Southern  blot  hybridization  of  the  fusion  transcript  EWS-FLI1.  a,  top  panel,  RT-PCR  analysis  with  primers  1 1.4  FLU  and  22.4 
EWS  on  total  RNA  from  MDA-MB-231  cells,  vector-transfected  231  cells,  ElA-transfected  231  cells,  HEK  293  cells,  and  RD-ES  Ewing  sarcoma 
cells.  Upper  middle  panel ,  RT-PCR  of  the  same  cell  lines  with  primers  for  GAPDH  as  a  control.  Lower  middle  panel ,  Southern  blot  analysis  of 
RT-PCR  products  shown  in  the  upper  panel  with  a  EWS-FLI1  fusion  product  probe.  Bottom  panel,  Southern  blot  of  the  same  membrane  with 
radiolabeled  22.4  EWS  oligonucleotide  probe  as  transfer  control,  b,  top  panel,  RT-PCR  analysis  of  RNA  from  the  same  cell  lines  with  primers  11.3 
FLI1  and  22.4  EWS.  Middle  panel ,  RT-PCR  for  GAPDH  as  a  control.  Bottom  panel.  Southern  hybridization  of  RT-PCR  products  with  the  EWS-FLI1 
probe,  c,  sequence  corresponding  to  the  EWS-FLI1  fusion  transcript  detected  in  the  RD-ES  cell  line.  The  arrow  indicates  the  breakpoint.  RT-PCR 
using  primers  22.4  EWS  and  11.4  FLI1  would  be  expected  to  give  a  344-bp  product  as  detected  in  a;  primers  22.4  EWS  and  11.3  FLI1  would  be 
expected  to  give  a  363-bp  product  as  detected  in  b.  d,  sequence  alignment  of  the  22.4  EWS  and  1 1.4  FLI1  primers  with  human  mRNA  for  KIAA0477 
protein  (dbj,  AB007946.1),  human  mRNA  for  KIAA0339  gene  (dbj,  AB002337),  and  human  ribosomal  protein  L4  (RPL)  mRNA  (ref,  NM  000986.1). 
Sequences  with  homology  to  the  primers  are  underlined.  The  numbers  in  parentheses  in  the  figure  represent  the  location  on  the  reference  sequence 
used  for  alignment,  e,  RT-PCR  analysis  of  RNA  from  231-E1A  and  RD-ES  cell  lines  with  E1A  primers. 


of  the  cell  lines  except  the  RD-ES  Ewing  sarcoma  line.  RT-PCR 
was  also  performed  with  primers  specific  for  El  A,  and  expres¬ 
sion  of  the  E 1 A  transcript  was  confirmed  in  the  ElA-transfected 
cell  lines  (data  not  shown).  The  El  A  transcript  was  not  detected 


by  RT-PCR  in  the  RD-ES  Ewing  sarcoma  cell  line  (Fig.  \e). 
Thus,  our  study  does  not  support  the  proposal  by  Sanchez-Prieta 
et  al  (5)  that  El  A  induces  the  Ewing  tumor  fusion  transcript 
EWS -FLI1. 
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Fig.  2  Western  blot  analysis  of  EWS-FLI1  fusion  proteins  in  different 
El  A  stable  cell  lines.  Top  panel  Western  blot  analysis  of  cell  lysates 
with  an  antibody  against  EWS  protein.  Upper  middle  panel  Western 
blot  detection  of  the  expression  of  EWS-FLI-1  fusion  protein  with  a 
monoclonal  antibody  against  FLI 1 .  Lower  middle  panel  the  same  mem¬ 
brane  was  stripped  and  reprobed  with  a  monoclonal  antibody  against 
El  A.  Bottom  panel,  a  parallel  membrane  was  probed  with  a  monoclonal 
anti-actin  antibody. 


ElA-transfected  Cells  Do  Not  Express  the  EWS-FLI1 
Fusion  Protein.  The  human  breast  cancer  cell  lines  MCF-7 
and  MDA-MB-231  and  ovarian  cancer  cell  line  SKOV3-ipl 
were  studied  with  and  without  transfection  of  El  A  to  detect  the 
EWS-FLI1  fusion  protein.  The  Ewing  sarcoma  cell  line  RD-ES 
was  used  as  a  control  for  the  EWS-FLI-1  fusion  protein.  After 
immunoblotting  with  a  polyclonal  antibody  against  EWS;  a  Mr 
—68,000  band  was  detected  in  all  cell  lines  studied  except 
SKOV3-ipl  and  ElA-transfected  ip  1 -El A  cells  (Fig.  2).  When 
a  monoclonal  anti-FLIl  antibody  was  used;  the  expected  Mr 
68,000  EWS-FLI1  fusion  protein  was  detected  only  in  the 
RD-ES  cell  line  (Fig.  2).  No  fusion  proteins  were  detected  in 
any  of  the  ElA-transfected  cell  lines.  Immunoblotting  with  El  A 
antibodies  confirmed  the  expression  of  the  El  A  protein  in  the 
ElA-transfected  cell  lines.  The  results  indicate  that  the  com¬ 
mercially  available  anti-EWS  polyclonal  antibody  (Santa  Cruz 
Biotechnology)  also  cross-reacts  with  a  cellular  protein  about 
the  same  size  (Mr  —68,000)  as  the  EWS-FLI1  fusion  protein. 
However,  the  Mr  —68,000  band  detected  in  HEK  293,  MCF-7, 
MCF-7-E1A,  231,  and  231-E1A  cells  is  not  the  EWS-FLI1 
protein  because  it  cannot  be  detected  by  the  anti-FLIl  antibody. 

Discussion 

Sanchez-Prieto  et  al.  (5)  recently  reported  that  adenovirus 
El  A  induces  the  Ewing  sarcoma  fusion  transcript  EWS-FLI1. 
However,  data  from  the  studies  of  Melot  and  Delattre  (6)  and 
from  Kovar  et  al.  (7,  8)  do  not  support  this  hypothesis.  In  our 
study,  we  examined  13  different  cell  lines  stably  transfected 
with  El  A  to  test  the  hypothesis  that  expression  of  the  El  A  gene 
in  human  cells  could  elicit  the  specific  fusion  transcript  EWS- 
FLI1.  We  were  unable  to  find  any  evidence  of  the  EWS-FLI1 
fusion  transcript  or  fusion  protein  in  these  El  A  transfectants. 
Interestingly,  we  found  expression  of  unrelated  genes  that  may 
be  induced  by  El  A,  which  can  be  detected  under  the  PCR  assay 


conditions  used  (Fig.  1,  a  and  b).  In  addition,  the  commercially 
available  anti-EWS  antibody  also  cross-reacts  with  a  cellular 
protein  about  the  same  size  ( Mr  —68,000)  as  the  EWS-FLI1 
fusion  protein  (Fig.  2).  It  is  worthwhile  to  mention  that  the 
anti-EWS  antibody -detected  Mr  —68,000  protein  is  slightly 
enhanced  in  the  ElA-transfected  cells  (compare  MCF-7  with 
MCF7-E1A  and  231  with  231-E1A).  This  phenomenon,  without 
careful  further  examination  with  anti-FLIl  antibody  to  exclude 
its  identity  as  the  EWS-FLI1  fusion  protein,  could  be  easily  but 
mistakenly  used  to  support  the  notion  that  El  A  induces  the 
EWS-FLI1  fusion  protein. 

Adenovirus  El  A  has  been  examined  in  preclinical  studies 
and  found  to  be  a  promising  therapeutic  agent  because  of  its 
abilities  to  suppress  tumorigenesis  and  metastasis  and  to  sensi¬ 
tize  cells  to  apoptosis  induced  by  cytotoxic  agents  (10-16). 
Extensive  preclinical  safety  studies  have  been  performed  with 
E1A  (17-19),  and  a  Phase  I  clinical  trial  of  El  A  gene  therapy  for 
patients  with  advanced  breast  and  ovarian  cancer  has  recently 
been  completed  (3).  Phase  II  studies  of  El  A  gene  therapy  are 
currently  in  progress. 

The  proposal  that  El  A  may  induce  EWS-FLI1  expression 
is  revolutionary  because  it  suggests  that  the  Ewing  tumor  may 
be  of  viral  etiology  and  that  viral  transfections  may  lead  to 
chromosomal  translocations.  This  hypothesis  has  implications 
regarding  the  safety  of  the  use  not  only  of  El  A  but  also  of 
adenoviral  vectors  containing  El  A,  such  as  Onyx-015  (20)  in 
gene  therapy  trials.  Our  findings,  however,  support  those  of 
Melot  and  Delattre  (6),  and  Kovar  et  al  (7,  8);  we  found  no 
evidence  for  an  association  between  El  A  expression  and  ex¬ 
pression  of  the  EWS-FLI1  fusion  product. 

We  have  not  studied  the  El  A  integration  site  in  the  genome 
of  our  stable  El  A  transfectants.  The  integration  site  may  be 
important  for  the  activation  of  genes;  however,  Sanchez-Prieto 
et  al  (5)  have  found  that  El  A-expressing  HEK  293  and  IMR  90 
cells  have  multiple  gene  copies  in  many  chromosomes,  with  no 
specific  chromosomal  site  of  integration.  Thus,  the  site  of  gene 
integration  is  unlikely  to  account  for  differences  in  our  results. 

Although  we  cannot  exclude  the  possibility  that  some 
El  A-expressing  cell  lines  may  have  the  EWS-FLI1  fusion  as 
claimed  by  Sanchez-Prieto  et  al  (5,  9),  the  presence  of  such  a 
fusion  is  not  characteristic  of  ElA-transfected  cells.  We  con¬ 
clude  that  the  potential  for  induction  of  such  a  gene  rearrange¬ 
ment  using  E1A  gene  therapy  is  too  low  to  be  of  clinical 
significance  in  the  treatment  of  advanced  malignant  disease. 
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The  adenovirus  type  5  early  region  1A  gene  (E1A)  has  previously  been  known  as  an  immortalization 
oncogene  because  E1A  is  required  for  transforming  oncogenes,  such  as  ras  and  E1B ,  to  transform  cells  in 
primary  cultures.  However,  E1A  has  also  been  shown  to  downregulate  the  overexpression  of  the  Her-2/neu 
oncogene,  resulting  in  suppression  of  transformation  and  tumorigenesis  induced  by  that  oncogene.  In  addition, 
E1A  is  able  to  promote  apoptosis  induced  by  anticancer  drugs,  irradiation,  and  serum  deprivation.  Many 
tyrosine  kinases,  such  as  the  epidermal  growth  factor  receptor,  Her-2/Neu,  Src,  and  Axl,  are  known  to  play  a 
role  in  oncogenic  signals  in  transformed  cells.  To  study  the  mechanism  underlying  the  ElA-mediated  tumor¬ 
suppressing  function,  we  exploited  a  modified  tyrosine  kinase  profile  assay  (D.  Robinson,  F.  Lee,  T.  Pretlow, 
and  H.-J.  Kung,  Proc.  Natl.  Acad.  Sci.  USA  93:5958-5962, 1996)  to  identify  potential  tyrosine  kinases  regulated 
by  E1A.  Reverse  transcription  (RT)-PCR  products  were  synthesized  with  two  degenerate  primers  derived  from 
the  conserved  motifs  of  various  tyrosine  kinases.  A  tyrosine  kinase  downregulated  by  E1A  was  identified  by 
analyzing  the  ,4/r/I-digested  RT-PCR  products.  We  isolated  the  DNA  fragment  of  interest  and  found  that  E1A 
negatively  regulated  the  expression  of  the  transforming  receptor  tyrosine  kinase  Axl  at  the  transcriptional 
level.  To  study  whether  downregulation  of  the  Axl  receptor  is  involved  in  ElA-mediated  growth  suppression,  we 
transfected  axl  cDNA  into  ElA-expressing  cells  (ipl-ElA)  to  establish  cells  that  overexpressed  Axl.  The  Axl 
ligand  Gas6  triggered  a  greater  mitogenic  effect  in  these  ipl-ElA-Axl  cells  than  in  ipl-ElA  control  cells  and 
protected  the  Axl-expressing  cells  from  serum  deprivation-induced  apoptosis.  These  results  indicate  that 
downregulation  of  the  Axl  receptor  by  E1A  is  involved  in  ElA-mediated  growth  suppression  and  ElA-induced 
apoptosis  and  thereby  contributes  to  ElA’s  antitumor  activities. 


The  adenovirus  type  5  early  region  1 A  gene  {El A),  the  first 
viral  gene  expressed  in  a  cell  after  adenovirus  infection,  en¬ 
codes  two  major  proteins,  243R  (12S)  and  289R  (13S),  that  are 
produced  by  alternative  splicing  (40).  The  primary  function  of 
these  two  proteins  is  to  activate  viral  promoters  of  early  genes, 
including  E1B,  E2A,  E3,  and  E4,  during  a  permissive  viral 
infection  by  modifying  the  host  cell  transcriptional  apparatus, 
thereby  resulting  in  host  cell  immortalization  or  transforma¬ 
tion  (2).  Cellular  genes  that  are  transcriptionally  activated  by 
the  El  A  proteins  include  those  encoding  (3-tubulin  (42),  heat 
shock  proteins  (22),  c-Fos  (10,  37),  c-Jun  (10),  JunB  (10),  and 
c-Myc  (37).  E1A  can  also  repress  several  viral  and  cellular 
genes  at  the  transcriptional  level,  such  as  the  simian  virus  40 
enhancer  (3,  50),  the  polyomavirus  enhancer  (3,  49),  the  im¬ 
munoglobulin  heavy-chain  gene  (21),  the  cytochrome  P450 
gene  (41),  the  insulin  gene  (43),  and  the  Her-2/neu  gene  (57). 

Adenovirus  type  5  E1A  is  known  to  be  an  immortalization 
oncogene  because  of  the  fact  that  some  transforming  onco¬ 
genes,  such  as  ras  and  E1B,  although  able  to  induce  transfor¬ 
mation  of  immortalized  rodent  cell  lines,  require  E1A  to  trans¬ 
form  cells  in  primary  cultures.  However,  adenovirus  type  5 
E1A  alone  cannot  transform  established  cell  lines  (5,  23,  36). 
Furthermore,  there  exist  many  established  cell  lines  that  are 
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immortalized  but  nontumorigenic.  As  a  matter  of  fact,  we  have 
previously  shown  that  El  A  could  be  a  tumor  suppressor  for 
//er-2/rt£«-transformed  cells  by  transcriptional  repression  of 
the  oncogene  (52,  57).  In  addition  to  downregulating  Her-2/ 
Neu  expression,  E1A  has  multiple  antitumor  effects  on  tumor 
cells  that  do  not  overexpress  Her-2/Neu,  including  reversion  of 
transformation  (12, 15,  16,  28,  55),  inhibition  of  metastasis  (17, 
28,  53,  54,  56),  and  induction  of  apoptosis  (9,  11,  33,  45).  To 
understand  the  detailed  mechanisms  underlying  ElA’s  antitu¬ 
mor  activities,  we  examined  the  ElA-regulated  tyrosine  ki¬ 
nases  and  identified  Axl,  whose  expression  was  suppressed  by 
E1A. 

The  Axl  tyrosine  kinase  (pl40)  is  the  prototype  of  a  family  of 
transmembrane  receptors  called  UFO  that  include  Sky  and 
Eyk.  These  receptors  have  a  unique  extracellular  composition 
of  immunoglobin-like  and  .fibronectin  type  Ill-like  domains 
(13,  30,  47).  Similar  domain  architectures  have  been  found  in 
adhesion  molecules  of  the  cadherin  and  immunoglobulin  su¬ 
perfamily  and  in  receptor  tyrosine -phosphatases  such  as  PJP|ji 
and  PTPk,  suggesting  that  Axl  family  members  may  mediate 
cell  adhesion  and  intracellular  signaling.  Increased  expression 
of  the  Axl  receptor  can  transform  NIH  3T3  cells  and  renders 
the  transformed  cells  highly  tumorigenic  in  nude  mice  (30). 

All  members  of  the  UFO  family  can  transform  NIH  3T3 
cells.  When  transfected,  the  axl  gene  transforms  NIH  3T3  cells 
by  overexpression  (30).  Since  no  genetic  rearrangements  or 
mutations  have  been  found,  its  transforming  ability  is  most 
probably  a  consequence  of  normal  receptor  overexpression. 
The  Axl  ligand  Gas6  is  a  vitamin  K-dependent  growth-poten- 
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dating  factor  (26,  44,  48).  The  ligand  contains  a  7-carboxygIu- 
tamic  acid-rich  domain  and  four  epidermal  growth  factor-like 
repeats.  It  is  widely  secreted  by  most  tissues,  particularly  those 
of  the  lung,  intestine,  and  vascular  endothelium  (26).  Under 
serum-starved  conditions,  Gas6  has  a  mitogenic  effect  on 
growth-arrested  cells  (1, 19,  20).  Gas6-Axl  signaling  also  seems 
to  play  a  critical  role  in  modulating  cellular  responses  to  ad¬ 
hesion;  in  one  study,  Gas6  stimulated  the  binding  of  Axl- 
expressing  monoblast  U937  cells  to  phosphatidylserine,  a  phos¬ 
pholipid  marker  used  by  macrophages  to  identify  dying  cells 
(29).  Gas6  also  functions  as  a  novel  chemoattractant  that  in¬ 
duces  Axl-mediated  migration  of  vascular  smooth-muscle  cells, 
suggesting  that  the  Gas6-Axl  interaction  may  enhance  cell  mi¬ 
gration  in  conditions  involving  vascular  damage  (14).  In  addi¬ 
tion,  the  Axl  receptor  has  been  found  to  be  highly  expressed  in 
metastatic  colon  carcinoma  (8),  melanoma  (32),  and  sarcoma 
(51)  cells,  implying  that  this  receptor  is  involved  in  cancer 
invasion  and  metastasis. 

The  published  data,  taken  together,  suggest  that  E1A  is 
associated  with  a  tumor  suppressor  function  in  human  tumor 
cells  and  that  the  Axl  receptor  behaves  as  an  oncoprotein  when 
it  is  overexpressed.  To  study  the  mechanism  underlying  ElA’s 
tumor-suppressing  activities,  we  focused  on  ElA-regulated  ty¬ 
rosine  kinases.  In  the  current  study,  we  found  that  E1A  can 
downregulate  the  expression  of  the  Axl  receptor  and  that  the 
Gas6-Axl  interaction  can  counteract  ElA-mediated  growth  in¬ 
hibition  and  proapoptotic  activity,  suggesting  that  downregu- 
lation  of  Axl  by  E1A  may  contribute  to  ElA-mediated  antitu¬ 
mor  activities. 

MATERIALS  AND  METHODS 

Cell  lines  and  cell  cultures.  SKOV3.ipl  (abbreviated  ip  1)  is  a  subline  of  the 
SKOV3  ovarian  cancer  cell  line.  2774  C-10  (abbreviated  2774)  is  a  human 
ovarian  cancer  cell  line.  The  El  A  transfectants  were  designated  ipl-ElA  and 
2774-El  A.  The  transfectants  of  the  E1A  frameshift  mutant  were  designated 
ipl-efs  and  2774-efs.  Cells  were  grown  in  Dulbecco’s  modified  Eagle’s  medium 
plus  FI  2  medium  (1:1;  GIBCO-Bethesda  Research  Laboratories  [BRL])  supple¬ 
mented  with  10%  fetal  calf  serum  in  a  humidified  atmosphere  of  5%  C02  at 
37°C.  ipl-efs,  ip  1 -El  A,  2774-efs,  and  2774-El  A  cells  were  maintained  in  medium 
containing  neomycin  at  500  |xg/ml  (Boehringer  Mannheim). 

Tyrosine  kinase  display  assay.  Total  RNA  was  isolated  with  the  TRIzol  re¬ 
agent  (G1BCO-BRL),  and  the  tyrosine  kinase  display  was  carried  out  by  a 
modified  form  of  the  method  of  Robinson  et  al.  (34,  35).  Reverse  transcription 
(RT)-PCR  was  performed  with  degenerate  primers  derived  from  conserved 
motifs  in  the  activation  loop  of  the  catalytic  domains  of  various  tyrosine  kinases 
as  follows:  primer  1  (sense  primer),  5'-AARRTTDCNGAYTTYGG  encoding 
the  amino  acid  sequence  K[V/I][S/C/G]DFG;  primer  2  (antisense  primer),  5'- 
RHAIGMCCAIACRTC  encoding  the  amino  acid  sequence  DVW[S/A][F/Y]. 
The  mixed  bases  were  defined  as  follows:  N  =  A  +  C  +  T  +  G,  D  =  A  +  T  + 
G,  H-A  +  T  +  C,  R  =  A  +  G,  Y-C  +  T,  M  =  A  +  C,  and  I  =  deoxyinosine. 
Single-stranded  cDNA  was  synthesized  with  a  kit  provided  by  GIBCO-BRL. 
Primer  1  was  labeled  with  [y-32P]ATP  (Amersham  Life  Science)  and  T4  polynu¬ 
cleotide  kinase  (New  England  Biolabs)  before  PCR  ( Taq  DNA  polymerase; 
Fisher  Biotech).  The  RT-PCR  products  were  analyzed  by  gel  electrophoresis 
with  an  8%  polyacrylamide  gel.  DNA  was  stained  with  ethidium  bromide  at  1 
(xg/ml.  The  -150-bp  bands  were  excised  from  the  polyacrylamide  gel.  DNA  was 
eluted,  precipitated,  and  dissolved  in  TE  buffer  (10  mM  Tris,  1  mM  EDTA,  pH 
8.0).  Equal  amounts  of  radioactive  DNA  (105  cpm)  of  each  cell  type  were 
digested  with  various  restriction  enzymes  recognizing  four  bases,  resolved  with  a 
6%  DNA  sequencing  gel,  and  then  subjected  to  autoradiography. 

Cloning  of  the  band  of  interest  revealed  by  the  tyrosine  kinase  display  assay. 
In  the  tyrosine  kinase  display  assay,  we  found  that  the  E1A  proteins  downregu- 
laled  a  tyrosine  kinase  whose  catalytic  domain  sequence  possessed  the  Alul  site. 
This  tyrosine  kinase  was  tentatively  named  TK-Alu  I.  Because  the  TK-Alu  I  band 
shown  in  Fig.  IB  had  been  digested  by  Alul,  we  could  not  PCR  amplify  the 
TK-Alu  I  DNA  by  using  the  two  primers  described  previously,  because  the 
annealing  sequence  of  the  TK-Alu  I  for  primer  2  had  been  separated  from  the 
radioactive  sequence  shown  in  Fig.  IB  by  th tAlul  digestion.  To  clone  TK-Alu  I, 
we  established  a  tyrosine  kinase  cDNA  library  from  the  RT-PCR  products  of  ipl 
cells  with  the  TA  cloning  strategy.  At  first,  all  of  the  RT-PCR  products  of  the 
150-bp  DNA  fragments  were  ligated  into  the  TA  cloning  vector  PCR2.1  (In- 
vitrogen  Inc.)  to  make  a  cDNA  library  of  tyrosine  kinases.  The  library  was 
amplified  in  Escherichia  coli  DH10B.  Then,  we  performed  a  large-scale  prepa¬ 
ration  of  the  /Mri-digested  RT-PCR  product.  The  TK-Alu  I  band  was  excised, 
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FIG.  1.  (A)  The  150-bp  RT-PCR  products  representing  the  activation  loop 
of  the  catalytic  domains  of  various  tyrosine  kinases.  RNA  was  isolated  by  using 
the  TRIzol  reagent.  Single-stranded  cDNA  was  synthesized  with  a  GIBCO-BRL 
kit.  Primer  1  was  labeled  with  [7-32P]ATP  and  T4  polynucleotide  kinase  before 
PCR.  The  RT-PCR  products  were  analyzed  by  8%  PAGE.  DNA  was  stained 
with  ethidium  bromide  at  1  pg/ml.  SKOV3.ipl  is  a  subfine  of  the  SKOV3  ovarian 
cancer  cell  fine;  ipl-efs  is  ipl  cells  transfected  with  an  El  A  frameshift  mutant 
construct.  (B)  Tyrosine  kinase  display  assay  showing  downregulation  of  a  ty¬ 
rosine  kinase,  designated  TK-Alu  I,  in  ElA-transfected  cells.  The  RT-PCR 
products  shown  in  panel  A  were  excised  and  eluted  from  the  gel.  The  eluted 
DNAs  of  equal  radioactivity  were  digested  with  the  restriction  enzyme  Alul  and 
then  fractionated  with  a  6%  DNA  sequencing  gel.  211 A  is  the  ovarian  cancer  cell 
line  2774-00.  (C)  Tyrosine  kinase  display  assay  of  bacterial  clones  obtained 
from  the  tyrosine  kinase  cDNA  library  screening.  The  TK-Alu  I  probe  was  PCR 
labeled  and  used  to  screen  a  cDNA  library  of  tyrosine  kinases.  The  positive 
clones  were  picked  out,  and  the  plasmid  DNA  was  purified  and  subjected  to  PCR 
as  described  for  panel  A.  The  products  of  both  RT-PCR  from  ipl-efs  cells  and 
plasmid  PCR  from  bacterial  clones  were  digested  with  Alul  and  then  resolved 
with  a  6%  DNA  sequencing  gel.  The  TK-Alu  I  band  was  seen  in  all  of  the 
plasmid  PCR  clones.  (D)  Immunoblotting  analysis  showing  decreased  level  of 
the  Axl  receptor  protein  in  ElA-expressing  ipl  and  2774  cells.  Western  blot 
analysis  was  performed  as  described  in  Materials  and  Methods,  and  the  Axl 
receptor  was  detected  by  treating  the  transblot  with  an  anti-Axl  antibody.  As  a 
gel  loading  control,  the  same  blot  was  reprobed  with  an  anti-a-actin  antibody. 


and  the  DNA  was  eluted  from  the  sequencing  gel.  A  TK-Alu  I  probe  was  made 
by  synthesizing  single-stranded  DNA  by  PCR  in  a  mixture  containing  primer  1, 
[a-32P]dCTP,  and  the  eluted  TK-Alu  I  DNA.  The  radiolabeled  probe  was  used 
to  screen  the  tyrosine  kinase  cDNA  library  described  above,  the  positive  clones 
were  picked  out,  and  the  plasmid  DNA  was  purified  and  subjected  to  PCR  as 
described  for  the  tyrosine  kinase  display  assay.  RT-PCR  and  plasmid-PCR  prod¬ 
ucts  were  digested  with  Alul  and  then  analyzed  by  sequencing  gel  electrophoresis 
to  determine  whether  the  selected  clones  contained  the  TK-Alu  I  insert.  Finally, 
the  truly  positive  TK-Alu  I  clone  was  sequenced  and  that  sequence  was  identified 
by  comparison  with  the  GenBank  database  sequences  of  the  National  Center  for 
Biotechnology  Information  by  using  the  BLAST  algorithm. 
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Nuclear  run-on  assay.  The  nuclear  run-on  assay  was  performed  as  described 
previously  (27).  Briefly,  cells  were  washed  with  phosphate-buffered  saline  (PBS) 
and  lysed  in  ice-cold  buffer  (10  mM  Tris  [pH  7.4],  10  mM  NaCl,  3  mM  MgCl2, 
0.5%  Nonidet  P-40).  The  nuclei  were  then  pelleted  by  centrifugation  and  sus¬ 
pended  in  buffer  A  (50  mM  Tris  [pH  8.3],  5  mM  MgCL,  0.1  mM  EDTA,  40% 
glycerol).  The  nascent  RNA  chains  were  elongated  by  mixing  the  nuclear  sus¬ 
pension  with  an  equal  volume  of  the  reaction  buffer  (10  mM  Tris  [pH  8.0];  5  mM 
MgCl2;  0.3  M  KC1;  5  mM  dithiothrcitol;  1  mM  each  ATP,  CTP,  and  GTP; 
0.1  mCi  [tt-32P]UTP).  After  incubation  at  30°C  for  30  min,  the  32P-labeled 
RNA  was  purified  with  TRIzol  (GIBCO-BRL).  Samples  (5  p.g)  of  plasmids, 
pcDNA3,  pcDNA3-Axl,  and  pcDNA3-glyccraldehyde-3-phosphate  dehydro¬ 
genase  (GAPDH)  were  denatured  and  immobilized  on  Hybond  N  membranes. 
The  membranes  were  prehybridized  in  a  solution  of  50%  formamide,  5x  SSPE 
(IX  SSPE  is  0.18  M  NaCl,  10  mM  NaH2P04,  and  1  mM  EDTA),  2x  Denhardt’s 
reagent,  0.5%  sodium  dodecyl  sulfate  (SDS),  and  salmon  sperm  DNA  at  100 
|xg/ml  for  2  h  at  42°C.  Equal  amounts  of  radioactivity  (1.0  X  10fi  cpm)  from  the 
test  samples  were  hybridized  with  the  immobilized  DNA  at  42°C  for  24  h.  The 
membranes  were  then  washed  for  60  min  with  2x  SSC  (lx  SSC  is  0.15  M  NaCl 
plus  0.015  M  sodium  citrate)-0.1%  SDS  at  55°C  and  then  for  30  min  with  0.2x 
SSC-0.1%)  SDS  at  55°C  and  finally  exposed  to  X-ray  film  at  -70°C. 

Establishment  of  stable  cell  lines.  The  axl  cDNA  was  cloned  into  a  pCEP4 
vector  carrying  the  hygromycin  phosphotransferase  gene  (hph).  Expression  of  the 
axl  and  hph  genes  was  driven  by  the  cytomegalovirus  promoter  and  the  thymidine 
kinase  promoter,  respectively.  The  axl  gene  transfection  was  carried  out  by  using 
DOTAP  liposomes  (24).  Briefly,  6  pg  of  plasmid  pCEP4-AxI  along  with  the 
DOTAP  liposome  mixture  was  transfected  to  1.0  x  106  ip-ElA  cells  cultured  in 
a  3-cm-diamctcr  tissue  culture  dish.  Approximately  4  h  after  transfection,  the 
cells  were  washed  with  PBS,  cultured  in  fresh  medium  for  24  h,  and  then  split 
1:20.  The  cells  were  then  grown  in  a  selection  medium  containing  hygromycin  B 
(Bochringcr  Mannheim)  at  20  pg/ml  and  neomycin  at  500  jxg/ml  for  3  to  5  weeks, 
after  which  individual  hygromycin-resistant  clones  were  picked  out  and  expanded 
to  mass  culture. 

Immunoblotting.  Immunoblotting  analyses  were  performed  as  described  else¬ 
where  (46).  Briefly,  cell  lysates  were  resolved  by  SDS-polyacrylamide  gel  elec¬ 
trophoresis  (PAGE)  and  then  transferred  to  nitrocellulose  membranes.  The 
membranes  were  treated  separately  with  an  anti-Axl  (Santa  Cruz  Biotech),  an 
anti-El  A  protein  (Oncogene  Research),  or  an  anti-a-actin  (Amersham  Life 
Science)  antibody  and  then  incubated  with  peroxidase-conjugated  secondary 
antibodies  and  detected  by  the  enhanced-chemiluminescence  method  (Amer¬ 
sham  Life  Science).  For  the  analysis  of  Gas6  expression,  supernatants  of  cultures 
were  subjected  first  to  SDS-PAGE  and  then  to  immunoblotting  with  an  anti- 
Gas6  polyclonal  antibody  (Santa  Cruz  Biotech). 

[3H] thymidine  incorporation  assay.  Cells  were  trypsinized,  washed  twice  with 
PBS,  and  then  seeded  onto  96-well  plates  at  2,000/well.  To  the  wells  was  added 
10  pCi  of  [3H]thymidinc  (Amersham  Life  Science)  at  specific  times.  The  cells 
were  then  incubated  at  37°C  for  8  h  and  then  processed  by  a  cell  harvester 
(Cambridge  Technology  Inc.).  Radioactivity  was  determined  with  a  liquid  scin¬ 
tillation  counter. 

Analysis  of  [3H] thymidine  incorporation  after  the  gas6  cDNA  transfection. 

The  medium  used  to  do  th tgas6  cDNA  transfection  and  other  studies  related  to 
Gas6  contained  4  pM  menadione  sodium  bisulfite,  a  vitamin  K  analog  (Sigma). 
The  gas6  cDNA,  whose  expression  was  driven  by  the  cytomegalovirus  promoter, 
was  cloned  in  a  pcDNA3  vector.  Cells  (1.0  X  106)  were  plated  in  a  3-cm-diameter 
tissue  culture  dish  and  cultured  in  drug-free  medium  for  24  h,  and  then  4  pg  of 
the  vector  pcDNA3  or  plasmid  pcDNA3-Gas6  was  transfected  into  ipl-efs, 
ipl-ElA-pCEP4,  and  three  independent  clones  of  ipl-ElA-Axl  cells  by  using 
DOTAP  liposomes.  Cells  were  exposed  to  the  DNA-liposome  composites  for 
8  h,  washed  twice  with  PBS,  and  cultured  in  serum-supplemented  medium  for 
24  h.  Cell  were  then  trypsinized,  washed  twice  with  PBS,  and  then  seeded  onto 
96-well  plates  at  2,000/wcll.  At  24,  48,  and  72  h  thereafter,  cells  were  subjected 
to  [3H]thymidine  incorporation.  Alternatively,  24  h  after  being  seeded  onto 
96-wcll  plates,  cells  were  scrum  deprived  for  another  24  h  and  then  subjected  to 
[3H]thymidine  incorporation. 

Analysis  of  the  phosphorylation  state  of  the  Axl  receptor.  Cells  for  this  assay 
were  lysed  in  a  buffer  containing  20  mM  Tris  [pH  7.2],  150  mM  NaCl,  50  mM 
NaF,  2  mM  Na3V04,  1  mM  phenylmethylsulfonyl  fluoride,  leupeptin  at  25 
pg/ml,  and  aprotinin  at  25  pg/ml.  The  lysates  were  cleared  by  centrifugation  and 
immunoprccipitated  with  5  pg  of  anti-Axl  polyclonal  antibody  (Santa  Cruz), 
followed  by  20  pi  of  protein  A-agarose  (Boehringer  Mannheim).  The  immuno- 
complcxcs  were  washed  with  lysis  buffer,  resolved  by  SDS-10%  PAGE,  trans¬ 
ferred  to  a  nitrocellulose  membrane,  and  then  detected  with  an  antiphosphoty- 
rosine  antibody  (Oncogene  Research). 

Analysis  of  apoptosis  by  flow  cytometry.  For  analysis  of  apoptosis  by  flow 
cytometry,  1.0  X  106  cells  were  transfected  with  gas6  cDNA  by  using  the  LPD1 
liposome  (24).  At  24  h  after  transfection,  cells  were  serum  starved  for  48  h, 
harvested  by  trypsinization,  washed  twice  with  PBS,  and  then  fixed  in  75% 
ethanol  at  4°C  overnight.  The  fixed  cells  were  washed  twice  with  PBS  and 
suspended  in  1  ml  of  PBS  containing  0.5%'  Tween  20,  to  which  were  added  10  pg 
of  RNase  and  10  pg  of  propidium  iodide.  The  propidium  iodide-stained  cells 
were  analyzed  with  a  FACScan  flow  cytometer  (Becton  Dickinson).  Apoptotic 
cells  were  determined  by  the  percentage  of  cells  in  the  sub-G!  region. 


RESULTS 

Identification  of  the  tyrosine  kinase  Axl  that  was  downregu- 
lated  by  the  E1A  proteins.  To  identify  the  ElA-regulated  ty¬ 
rosine  kinases,  we  compared  the  tyrosine  kinase  expression 
profiles  of  cancer  cell  lines  with  those  of  their  El  A  transfec- 
tants  by  using  a  novel  tyrosine  kinase  display  assay  (34),  a 
modification  of  the  tyrosine  kinase  profile  approach  (35). 
Briefly,  the  entire  collection  of  expressed  tyrosine  kinases  was 
generated  by  RT-PCR  using  degenerate  primers  correspond¬ 
ing  to  the  highly  conserved  DFG  and  DVW  motifs.  This  would 
yield  a  relatively  homogeneous  band  of  approximately  150  bp 
for  virtually  all  tyrosine  kinases.  Different  kinases  would  then 
be  differentiated  by  digestion  with  restriction  enzymes,  based 
on  the  characteristic  sizes  predicted  from  the  GenBank  data. 
To  help  visualize  the  restriction  products,  the  5'  end  of  the 
sense  primer  was  radiolabeled  with  [y-32P]ATP  and  the  di¬ 
gested  products  were  resolved  in  a  DNA  sequencing  gel  and 
then  autoradiographed.  An  example  of  the  polyacrylamide  gel- 
resolved  and  ethidium  bromide-stained  total  RT-PCR  prod¬ 
ucts  in  the  range  of  150  bp  is  shown  in  Fig.  1A.  Restriction 
enzyme  digestion  of  the  RT-PCR  products  would  reduce  the 
lengths  of  certain  radiolabeled  DNA  fragments,  which  would 
migrate  faster  than  uncut  fragments  in  a  DNA  sequencing  gel. 
A  tyrosine  kinase  cDNA  fragment,  tentatively  named  TK-Alul, 
that  had  been  digested  with  Alai  displayed  a  differential  ex¬ 
pression  pattern  in  ElA-transfected  cells  compared  with  the 
parental  controls  (Fig.  IB).  This  band  exhibits  a  very  low  ra¬ 
diointensity  in  both  the  ElA-expressing  ipl  and  2774  ovarian 
cancer  cells  compared  with  the  control  cells.  To  confirm  that 
the  lower  expression  of  TK-Alu  I  was  due  to  the  expression  of 
E1A,  we  subjected  the  breast  cancer  cell  line  MDA-MB231 
and  its  E1A  stable  transfectant  (231-E1A)  to  the  same  analysis 
and  found  downregulation  of  Axl  in  231-E1A  cells  (data  not 
shown).  Thus,  it  is  likely  that  the  mRNA  level  of  the  TK-Alu  I 
gene  was  negatively  regulated  by  El  A.  The  size  of  the  Alul- 
digested  band  predicts  that  it  may  be  the  tyrosine  kinase  Axl. 

To  confirm  that  the  TK-Alu  I  gene  encodes  Axl  but  not  any 
fortuitous  RT-PCR  product,  we  set  out  to  clone  this  product. 
A  radioactive  probe  was  prepared  by  PCR  using  the  TK-Alu  I 
DNA  as  a  template,  and  that  probe  was  used  to  screen  a 
tyrosine  kinase  cDNA  library  established  by  ligating  the  RT- 
PCR  products  synthesized  from  ipl  cells  to  the  TA  cloning 
vector  PCR2.1.  As  expected,  the  positive  clones  showed  the 
same  TK-Alu  I  band  upon  tyrosine  kinase  display  (Fig.  1C). 
DNA  sequencing  revealed  that  TK-Alu  I  indeed  represents  the 
Axl  kinase.  Once  we  identified  the  product  of  the  TK-Alu  I 
gene  as  Axl,  we  analyzed  Axl  protein  levels  in  cancer  cell  lines 
and  their  El  A  transfectants.  We  found  that  expression  of  the 
Axl  protein  was  repressed  in  El  A  transfectants  (Fig.  ID). 
Thus,  both  protein  and  mRNA  expression  findings  support  the 
inhibition  of  Axl  expression  by  El  A. 

Repression  of  axl  gene  expression  by  E1A  at  the  transcrip¬ 
tional  level.  The  foregoing  results  suggest  that  E1A  can  nega¬ 
tively  regulate  the  expression  of  both  the  axl  transcripts  and  the 
Axl  protein.  We  next  used  a  nuclear  run-on  assay  to  determine 
whether  El  A  represses  transcription  of  the  axl  gene.  The  ra¬ 
diolabeled  transcripts  derived  from  the  nuclei  of  ipl-efs  cells 
hybridized  strongly  with  the  axl  cDNA,  but  the  radiolabeled 
transcripts  derived  from  ipl-ElA  cells  gave  no  hybridization 
signal  (Fig.  2).  Hybridization  of  the  same  radiolabeled  tran¬ 
scripts  to  GAPDH  cDNA,  a  housekeeping  gene,  produced 
equal  signals  in  the  ipl-efs  and  ipl-ElA  cells.  These  results 
indicate  that  ipl-ElA  cells  produced  little  or  no  Axl  mRNA. 
To  determine  whether  this  phenomenon  was  caused  by  tran¬ 
scriptional  repression  of  the  axl  gene  or  by  posttranscriptional 
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FIG.  2.  Nuclear  run-on  assay  showing  transcriptional  repression  of  the  axl 
gene  in  ip  1 -El  A  cells.  32P-labeled  transcripts  were  prepared  from  isolated  nuclei 
by  in  vitro  transcription  with  [a-32P]UTP.  Equal  amounts  of  labeled  RNA  (106 
cpm)  were  hybridized  to  Hybond  N  membranes  containing  the  immobilized 
plasmids  pcDNA3-Axl,  pcDNA3-GAPDH,  and  pcDNA3  at  5  gig  per  blot.  P, 
ipl-efs  cells;  E,  ip  1 -El A  cells.  Lanes:  1,  membrane  strip  hybridized  with  the  in 
vitro  transcription  product  derived  from  an  equal  amount  mixture  of  the  nuclear 
suspensions  of  ipl-efs  and  ip  I -El  A  cells;  2,  membrane  strip  hybridized  with  the 
in  vitro  transcription  product  derived  from  the  nuclear  suspension  of  ipl-efs 
cells,  to  which  was  added  an  equal  amount  of  nuclear  suspension  of  ipl-ElA  cells 
after  mRNA  elongation  was  completed. 


degradation  of  axl  mRNA  in  ipl-ElA  cells,  we  elongated 
mRNA  from  ipl-efs  cells  and  then  added  a  nuclear  suspension 
of  ip  1 -El  A  cells  to  the  products  of  in  vitro  transcription.  The 
hybridization  result  (Fig.  2,  lane  2)  was  the  same  as  that  seen 
in  the  lane  representing  ipl-efs.  Thus,  the  nuclear  suspension 
of  ipl -El  A  cells  did  not  contain  factors  that  accelerated  deg¬ 
radation  of  the  axl  mRNA.  In  vitro  transcriptional  repression 
was  also  observed  in  a  mixture  of  the  nuclear  suspensions  of 
ipl  cells  and  ipl-ElA  cells  (Fig.  2,  lane  1),  suggesting  that 
some  factor  in  ipl-ElA  cells  is  able  to  act  in  trans  to  suppress 
axl  transcription  in  ipl-efs  cells.  Thus,  we  conclude  that  the 
rate  of  axl  gene  transcription  was  greatly  inhibited  in  ipl -El A 
cells  compared  with  that  in  the  control  ipl-efs  cells. 

Establishment  of  Axl -overexpressing  ipl-ElA  cells.  ipl-ElA 
cells  grow  more  slowly  than  do  the  parental  ipl  cells  (58).  To 
study  whether  downregulation  of  the  Axl  receptor  by  El  A 
might  be  involved  in  the  ElA-mediated  reduction  of  the 
growth  rate  of  ipl-ElA  cells,  we  established  an  ipl-ElA  cell 
line  that  overexpresses  Axl  (ipl-ElA-Axl).  The  axl  cDNA  was 
cloned  into  the  expression  vector  pCEP4  that  carries  the  hy- 
gromycin  phosphotransferase  gene.  The  stable  cell  lines  were 
established  by  transfection  of  the  pCEP4-Axl  plasmid  into  ipl- 
E1 A  cells  and  selection  with  hygromycin  B.  These  ipl-ElA-Axl 
clones  overexpressed  the  Axl  receptor;  the  expression  level  in 
clone  2  was  comparable  to  that  of  the  ipl-efs  cells  (Fig.  3).  To 
verify  that  El  A  was  still  present  in  the  stable  clones,  the  same 
blot  was  reprobed  with  an  anti-ElA  antibody.  Expression  of 
a-actin  was  used  as  a  gel  loading  control. 

Promotion  of  mitogenesis  by  the  Gas6-Axl  interaction  in 
ipl-ElA-Axl  cells.  To  determine  whether  ipl-ElA-Axl  cells 
might  recover  after  growth  rate  reduction  by  E1A,  we  mea¬ 
sured  mitogenesis  by  determining  [3FI] thymidine  incorpora¬ 
tion.  Rc-expression  of  the  Axl  receptor  in  ipl-ElA  cells  (ipl- 
ElA-Axl)  had  no  significant  effect  on  mitogenesis,  compared 
to  ipl-El  A-pCEP4  control  cells  that  were  transfected  with  the 
vector  plasmid  (Fig.  4A).  Since  previous  reports  had  shown 
that  activation  of  Axl  is  Gas6  dependent  (1,  19,  20),  we  ques¬ 
tioned  whether  the  Axl  receptor  expressed  in  ipl-ElA-Axl 
cells  requires  the  ligand  Gas6  for  activation. 


To  determine  whether  Gas6  could  promote  mitogenesis  in 
ipl -El A- Axl  clones,  cells  were  transfected  with  either  vector 
pcDNA3  or  plasmid  pcDNA3-Gas6  and  [3H]thymidine  incor¬ 
poration  was  performed  in  the  presence  of  serum  at  specific 
times  thereafter.  Gas6  produced  a  dose-dependent  activation 
of  the  Axl  receptor  in  ipl -El A- Axl  cells  (Fig.  4B)  with  trans¬ 
fection  of  4  jjug  of  plasmid  pcDNA-Gas6  to  106  ipl-ElA-Axl-2 
cells  giving  the  maximum  phosphorylation  of  the  Axl  receptor 
and  a  plateau  incorporation  of  [3H]thymidine.  Gas6  expression 
in  culture  supernatants  was  confirmed  by  Western  blotting. 
These  results  indicate  that  the  transfection  assay  we  estab¬ 
lished  can  produce  enough  secreted  Gas6  to  induce  Axl-de- 
pendent  mitogenesis. 

Using  the  above-described  assay,  we  found  that  transiently 
expressed  Gas6  had  an  increased  mitogenic  effect  on  ipl-ElA- 
Axl  clones  in  the  absence  of  serum  compared  with  the  same 
clones  without  Gas6  stimulation  (Fig.  4C).  Expression  of  Gas6 
is  shown  in  Fig.  4D-1.  This  protein  had  a  lesser  impact  on 
mitogenesis  in  ipl-efs  cells  (1.6-fold  increase)  than  on  that  in 
ipl-ElA-Axl  cells  (10-fold  increase).  For  ipl-ElA-Axl-2  cells, 
Gas6  induced  a  10-fold  increase  in  mitogenesis  in  the  absence 
of  serum  (Fig.  4C)  but  only  a  3-fold  increase  in  the  presence  of 
serum  (4-p,g  lane  in  Fig.  4B),  suggesting  that  serum  contains 
other  stimulating  factors  that  cover  the  effect  of  Gas6. 

To  confirm  the  effect  of  the  Gas6-Axl  interaction,  we  ana¬ 
lyzed  the  intrinsic  phosphorylation  of  the  Axl  receptor  in  the 
presence  or  absence  of  Gas6  stimulation.  Cells  were  trans¬ 
fected  with  either  the  pcDNA3-Gas6  plasmid  or  the  control 
vector,  serum  deprived  for  24  h,  immunoprecipitated  with  an 
anti-Axl  antibody,  and  Western  blotted  with  an  antiphospho- 
tyrosine  antibody.  The  increased  tyrosine  phosphorylation  of 
the  Axl  receptor  in  the  Gas6-stimulated  ipl-ElA-Axl  cells 
(Fig.  4D-2)  correlates  well  with  the  enhanced  mitogenic  effect 
in  ipl -El  A- Axl  cells  (Fig.  4C).  The  same  blot  was  reprobed 
with  an  anti-Axl  antibody  as  a  control. 

Protection  of  ElA-transfected  cells  from  serum  deprivation- 
induced  apoptosis  by  the  Gas6-Axl  interaction.  ElA-trans¬ 
fected  cells  are  more  sensitive  to  serum  deprivation-induced 
apoptosis  than  are  parental  cells  (11,  33).  We  found  that  Gas6 
can  induce  mitogenesis  in  ipl-ElA-Axl  cells  in  the  absence  of 
serum  (Fig.  4C).  To  examine  whether  the  Gas6-Axl  interaction 
could  also  protect  ipl -El  A- Axl  cells  from  apoptosis  triggered 
by  serum  deprivation,  we  transfected  cells  with  plasmid 
pcDNA3-Gas6,  deprived  those  cells  of  serum  for  48  h,  and 
then  processed  them  for  fluorescence-activated  cell  sorter 
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FIG.  3.  Immunoblot  showing  rc-expression  of  the  Axl  receptor  in  ^/-trans¬ 
fected  ipl-El  A  cells,  axl  cDNA  was  cloned  into  the  pCEP4  vector,  and  the  DNA 
was  transfected  as  described  in  Materials  and  Methods.  Three  clones  of  ipl  - 
ElA-Axl  (E-Axl-1,  E-Axl-2,  and  E-Axl-3)  showed  increased  expression  of  Axl 
compared  to  that  of  ipl-ElA-pCEP4  (E-pCEP4)  control  cells  that  were  trans¬ 
fected  with  the  pCEP4  vector.  An  equal  amount  of  cell  lysate  for  each  cell  type 
was  resolved  by  SDS-10%  PAGE.  After  electrophoresis,  proteins  were  trans¬ 
ferred  to  a  nitrocellulose  membrane  and  then  probed  with  anti-Axl,  anti-ElA, 
and  anti-a-actin  antibodies. 
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FIG.  4.  Mitogcncsis  in  ipl-efs,  ipl-ElA,  and  ipl-ElA-AxI  cells.  (A)  [3H]thymidine  incorporation  showing  no  significant  difference  in  mitogencsis  between 
ipl-El  A-pCEP4  (E-pCEP4)  cells  and  ipl-ElA-Axl  clones  (E-Axl-1,  -2,  and  -3).  Cells  were  seeded  onto  96-well  plates,  [3H]thymidine  was  added  at  24,  48,  and  72  h, 
and  cells  were  incubated  at  37°C  for  8  h  and  then  processed  by  a  cell  harvester.  Each  bar  is  the  average  of  four  replicates.  (B)  Dose-dependent  activation  of  the  Axl 
receptor  in  ipl-El  A- Axl-2  cells  by  gas6  cDNA  transfection.  Various  concentrations  of  pcDNA3-Gas6  plasmid  DNA  were  transfected  into  106  ipl-ElA-Axl-2  cells  as 
described  in  Materials  and  Methods;  4  p.g  of  plasmid  pcDNA3-Gas6  was  sufficient  to  cause  maximum  phosphorylation  of  the  Axl  receptor  and  plateau  incorporation 
of  [3H]thymidinc.  Phosphorylation  of  the  Axl  receptor  was  analyzed  by  immunoprecipitation  with  an  anti-Axl  antibody,  followed  by  Western  blotting  with  an 
antiphosphotyrosine  antibody.  Gas6  expression  was  determined  by  immunoblotting  of  culture  supernatants.  All  of  the  assays  were  performed  72  h  after  transfection 
and  under  scrum-supplemented  conditions.  (C)  The  effect  of  Gas6  on  serum-deprived  ipl-ElA-Axl  cells.  Cells  (106)  were  transfected  with  4  p.g  of  pcDNA3-Gas6  or 
vector  pcDNA3  as  described  for  panel  B  and  seeded  onto  a  96-well  plate  at  2,000  cells/well  24  h  after  transfection.  After  24  h  of  culture  in  serum-supplemented  medium 
to  allow  the  cells  to  attach  to  the  wells,  the  cells  were  serum  deprived  for  another  24  h  and  then  subjected  to  [3H]thymidine  incorporation.  Each  bar  is  the  average  of 
triplicate  samples.  (D-l)  Immunoblot  showing  Gas6  expression  in  pcDNA3-Gas6-transfected  cells.  Western  blot  analysis  was  performed  with  supernatants  of 
cell  cultures  as  described  for  panel  B.  (D-2)  Increased  phosphorylation  of  the  Axl  receptor  in  Axl-expressing  cells  transfected  with  gas6  cDNA.  Cells  were 
transfected  with  pcDNA3-Gas6  or  vector  plasmid  pcDNA3  as  described  for  panel  C.  At  24  h  after  transfection,  cells  were  serum  deprived  for  24  h  and  then  lysed, 
immunoprecipitatcd  with  anti-Axl  antibody,  and  subjected  to  Western  blotting  with  an  antiphosphotyrosine  antibody.  As  a  control,  the  same  blot  was  reprobed 
with  an  anti-Axl  antibody. 


(FACS)  analysis.  Fewer  Gas6-stimulated  ipl-El  A-Axl  cells 
than  unstimulated  cells  were  in  the  sub-Gj  region  (Fig.  5A  and 
B).  Gas6  expression  is  shown  in  the  lower  part  of  Fig.  5B.  The 
ipl-El A-pCEP4  cells  were  sensitive  to  serum  deprivation  de¬ 


spite  the  presence  of  Gas6;  the  ipl-efs  cells  were  less  sensitive 
to  serum  withdrawal  under  the  same  conditions.  These  results 
indicate  that  Gas6  can  protect  E1A  transfectants  from  serum 
deprivation-induced  apoptosis  if  Axl  is  re-expressed. 
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FIG.  5.  Protection  of  Axl-cxpressing  cells  from  serum  deprivation-induced 
apoptosis  by  Gas6.  (A  and  B)  Decreased  apoptosis  in  ipl-ElA-Axl  cells  by 
transiently  expressed  Gas6.  Cells  were  transfected  with  gas6  cDNA  or  control 
plasmid  pcDNA3  as  described  for  Fig.  4C.  At  24  h  after  transfection,  cells  were 
serum  deprived  for  48  h  and  then  subjected  to  FACS  analysis.  The  apoptotic  cells 
were  determined  by  measuring  the  percentage  of  cells  in  the  sub-Gx  region  (A). 
Each  bar  in  panel  B  is  the  average  of  triplicate  samples.  Expression  of  Gas6  in 
cells  transfected  with  gas6  cDNA  is  shown  at  the  bottom  of  panel  B.  Superna¬ 
tants  from  cells  used  for  FACS  analysis  were  subjected  to  SDS-10%  PAGE. 
Western  blot  analysis  was  performed  with  an  anti-Gas6  polyclonal  antibody. 
Abbreviations  for  cell  types  are  the  same  as  those  in  Fig.  3  and  4C  and  D. 


DISCUSSION 

El  A  has  been  shown  to  be  associated  with  multiple  anti¬ 
tumor  activities,  including  transcriptional  repression  of  the 
Her-2/neu  gene  (52,  57),  suppression  of  transformation  (12, 15, 
16,  28,  55),  inhibition  of  metastasis  (17,  28,  53-55),  and  induc¬ 
tion  of  apoptosis  (9,  11,  33,  45).  To  further  understand  E1A- 
mcdiated  tumor  suppression,  we  focused  on  the  tyrosine 
kinases  that  are  regulated  by  E1A  because  tyrosine  kinases 
usually  play  a  pivotal  role  in  the  signal  pathways  that  cause 
cellular  transformation.  In  the  current  study,  we  used  the  ty¬ 
rosine  kinase  display  and  nuclear  run-on  assays  to  confirm  that 
the  expression  of  the  transforming  receptor  tyrosine  kinase  Axl 
is  transcriptionally  suppressed  by  E1A.  Our  experimental  re¬ 


sults  indicate  that  the  Gas6-Axl  interaction  counteracts  E1A- 
mediated  cell  growth  suppression  and  proapoptotic  activity. 

Multiple  molecular  mechanisms  may  account  for  the  tumor- 
and  metastasis-suppressing  functions  of  E1A  in  different  can¬ 
cer  cell  types.  The  tumor-suppressing  function  has  been  ex¬ 
plained,  at  least  in  part,  as  resulting  from  the  induction  of 
apoptosis  through  p53-dependent  or  p53-indep4endent  mecha¬ 
nisms  (9,  45).  E1A  may  also  suppress  tumor  growth  by  mod¬ 
ulating  the  response  of  tumor  cells  to  immune  cells,  since  this 
protein  can  sensitize  transfected  cells  to  the  cytotoxic  effects  of 
tumor  necrosis  factor  (TNF)  (6,  38)  and  make  target  cells 
susceptible  to  NK  cells  and  activated  macrophages  (7).  In 
addition,  El  A  can  abrogate  NF-kB  activation,  resulting  in  sus¬ 
ceptibility  of  cells  to  apoptotic  stimuli  such  as  TNF  and  y 
irradiation  (38,  39).  As  for  the  metastasis-suppressing  function 
of  E1A,  one  known  mechanism  is  the  transcriptional  repres¬ 
sion  of  various  proteases  that  are  important  for  tumor  invasion 
and  metastasis,  including  type  IV  collagenase  (17,  18),  in¬ 
terstitial  collagenase,  urokinase  (17),  and  stromelysin  (25, 
31).  In  summary,  E1A  suppresses  tumor  growth  and  metastasis 
through  cumulative  changes  in  cellular  gene  expression,  and 
many  unknown  mechanisms  remain  to  be  discovered. 

Gas6  induced  serum-starved  NIH  3T3  cells  to  enter  the  cell 
cycle  (19,  20);  the  signaling  was  shown  to  be  transmitted 
through  the  stimulation  of  Axl  tyrosine  kinase  with  subsequent 
activation  of  mitogen-activated  protein  kinase  and  phosphati- 
dylinositol  3-kinase  (19,  20).  Adding  Gas6  to  serum-starved 
NIH  3T3  cells  also  prevented  cell  death  induced  by  complete 
serum  removal  and  TNF  addition,  indicating  that  Gas6  acts  as 
a  survival  factor  for  growth-arrested  cells  (1, 19,  20).  In  a  study 
of  fibroblasts  from  axl  knockout  mice,  the  absence  of  the  Axl 
receptor  resulted  in  higher  levels  of  serum  deprivation-induced 
apoptosis  that  could  not  be  rescued  by  the  addition  of  Gas6 
(1).  Instead  of  studying  normal  fibroblasts,  we  established  an 
ovarian  cancer  model  in  which  parental  ipl  cells,  unlike  NIH 
3T3  cells,  were  not  sensitive  to  serum  deprivation.  In  this 
model,  downregulation  of  the  Axl  receptor  by  E1A  rendered 
the  E1A  transfectant  ipl-ElA  susceptible  to  serum  depriva¬ 
tion-induced  apoptosis  that  was  prevented  by  the  Gas6-Axl 
interaction.  In  short,  abrogation  of  Gas6-Axl  signaling  by  E1A 
is  involved  in  ElA-mediated  suppression  of  cell  growth  and 
susceptibility  to  serum  deprivation. 

The  mildly  increased  rate  of  [3H]thymidine  incorporation  in 
Gas6-stimulated  ipl-efs  cells  (Fig.  4C)  is  consistent  with  pre¬ 
vious  reports  that  Gas6  is  a  weaker  mitogen  than  basic  fibro¬ 
blast  growth  factor  and  serum  (1,  19).  In  the  mitogenesis  and 
apoptosis  studies  (Fig.  4C  and  5),  we  found  that  ipl-efs  cells 
were  less  responsive  to  Gas6  stimulation  than  were  ipl-ElA- 
Axl  cells,  although  both  expressed  Axl.  Conversely,  the  mito¬ 
genic  effect  and  resistance  to  serum  withdrawal-induced  apo¬ 
ptosis  in  ipl -El  A- Axl  cells  were  dependent  on  Gas6 
stimulation  (Fig.  4C  and  5),  implicating  the  role  of  downregu¬ 
lation  of  Axl  in  ElA-mediated  tumor  suppression  and  ElA’s 
other  activities  that  render  ipl -El A- Axl  cells  more  dependent 
than  ipl-efs  cells  on  Gas6  during  serum  depletion.  One  of 
these  E1A  activities  may  be  downregulation  of  the  receptor 
tyrosine  kinase  Her-2/Neu  (52,  55,  57).  Re-expression  of  Axl 
did  not  change  the  repressed  expression  of  Her-2/Neu  in  ipl- 
E1A  cells  (data  not  shown).  Overexpression  of  Her-2/Neu  in 
ipl-efs  cells  (58)  may  be  the  reason  why  ipl-efs  cells  were  less 
dependent  on  Gas6  stimulation  (Fig.  4C)  and  more  resistant  to 
serum  withdrawal-induced  apoptosis  (Fig.  5)  than  were  ipl- 
ElA-Axl  cells. 

Expression  of  the  activated  axl  gene  in  NIH  3T3  (AF6295) 
cells  can  result  in  cellular  transformation  (30).  However,  re¬ 
expression  of  the  Axl  receptor  in  ipl-ElA  cells  (ipl-ElA-Axl) 
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had  no  significant  effect  on  mitogenesis  as  analyzed  by  [3H]thy- 
midine  incorporation,  compared  to  ipl-ElA-pCEP4  control 
cells  that  were  transfected  with  the  vector  plasmid  (Fig.  4A). 
This  might  be  because  the  level  of  the  Axl  receptor  in  ipl- 
ElA-Axl  clones  was  not  as  high  as  that  in  the  AF6295  cells 
described  by  O’Bryan  et  al.  (30).  The  expression  of  Axl  in 
AF6295  cells  is  at  least  10-fold  more  abundant  than  that  in 
ipl-efs  cells  (data  not  shown).  The  mitogenesis  study  indicates 
that  the  receptor  expressed  in  ip  1 -El A- Axl  cells  requires  the 
Axl  ligand  Gas6  for  activation  (Fig.  4B  and  D-2).  Although 
Gas6  was  able  to  stimulate  mitogenesis  in  ipl-ElA-Axl  cells, 
endogenous  Gas6  expression  could  not  be  detected  in  the 
supernatants  of  parental  ipl  cells  or  ipl-ElA  cells  (Fig.  4D-1 
and  5B).  This  finding  suggests  that  repression  of  the  axl  gene 
by  E1A  is  not  the  main  mechanism  by  which  growth  is  sup¬ 
pressed  in  cultured  ipl  cells.  However,  Gas6  secretion  is  ubiq¬ 
uitous  in  the  human  body  (26),  so  Axl-mediated  survival  and 
mitogenic  effects  may  be  more  important  in  whole  organisms 
than  in  cultured  cells.  It  should  be  mentioned  that  Axl  is 
overexpressed  in  approximately  25%  of  primary  breast  cancers 
(4).  Given  that  a  tumor  cell  line  can  secrete  detectable 
amounts  of  Gas6  protein,  Gas6-Axl  signaling  may  play  a  sup¬ 
portive  role  in  preventing  apoptosis  induced  by  serum  depri¬ 
vation  or  TNF.  On  the  other  hand,  Gas6  also  can  act  as  a 
chemoattractant  and  is  involved  in  cell  migration  (14);  several 
metastatic  cell  types  have  increased  expression  of  the  Axl  re¬ 
ceptor  (7,  32,  50).  Thus,  suppression  of  the  Axl  receptor  by 
El  A  may  partly  explain  ElA’s  metastasis-suppressing  effect. 

In  summary,  the  known  characteristics  of  the  Axl  receptor 
and  E1A  are  consistent  with  our  previous  findings  that  E1A 
functions  as  a  tumor  suppressor.  Further  investigations  are 
required  to  determine  whether  negative  regulation  of  Axl  by 
E1A  is  also  involved  in  the  decreased  tumorigenicity  and  de¬ 
creased  metastatic  potential  observed  in  ipl-ElA  cells.  How¬ 
ever,  the  present  findings  identify  a  second  transforming  re¬ 
ceptor  tyrosine  kinase,  Axl,  that  is  repressed  by  E1A. 
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Amplification  or  overexpression  of  HER-2/neu  in  cancer  cells  confers  resistance  to  apoptosis  and  promotes  cell  growth. 
The  cellular  localization  of  p21Cipl''WAF1  has  been  proposed  to  be  critical  either  in  promoting  cell  survival  or  in  inhibiting 
cell  growth.  Here  we  show  that  HER-2/neu-mediated  cell  growth  requires  the  activation  of  Akt,  which  associates  with 
p21cipi/wAFi  anc|  phosphorylates  it  at  threonine  145,  resulting  in  cytoplasmic  localization  of  p21CipVWAF1.  Furthermore, 
blocking  the  Akt  pathway  with  a  dominant-negative  Akt  mutant  restores  the  nuclear  localization  and  cell-growth-inhibit¬ 
ing  activity  of  p21Cipl^AF1.  Our  results  indicate  that  HER-2/neu  induces  cytoplasmic  localization  of  p21Cipl/WAF1  through 
activation  of  Akt  to  promote  cell  growth,  which  may  have  implications  for  the  oncogenic  activity  of  HER-2/neu  and  Akt. 


The  HER-2/neu  gene  (also  known  as  c-erbB2)  encodes  a  trans¬ 
membrane  receptor  tyrosine  kinase  of  relative  molecular 
mass  185,000  (Mr  185K)  that  shares  partial  homology  with 
the  other  members  of  the  family  of  epidermal  growth-factor 
receptors.  Amplification  or  overexpression  of  HER-2/neu  occurs  in 
-30%  of  human  breast  and  ovarian  cancers  and  is  a  marker  of 
poor  prognosis1^3.  We  have  previously  shown  that  HER-2/neu  acti¬ 
vates  the  phosphatidylinositol-3  kinase  (PI-3K)/Akt  pathway  and 
confers  resistance  to  apoptosis  induced  by  tumour-necrosis  fac¬ 
tor4.  The  PI-3K/Akt  pathway  has  an  important  role  in  preventing 
cells  from  undergoing  apoptosis  and  contributes  to  the  pathogen¬ 
esis  of  malignancy5’6.  For  example,  activated  Akt  phosphorylates 
specific  targets  such  as  Bad7,  caspase-9  (ref.  8),  forkhead  transcrip¬ 
tion  factors9’10  and  IKK-a  (refs  11, 12),  thereby  promoting  cell  sur¬ 
vival.  However,  in  addition  to  its  anti-apoptotic  function,  Akt  is 
also  involved  in  cell  proliferation13"15.  Furthermore,  Akt  detaches 
from  the  inner  surface  of  the  plasma  membrane,  where  it  is 
initially  activated,  and  relocalizes  to  the  nucleus  within  30  min  of 
activation  by  growth  factors16,17.  These  findings  indicate  that  some 
critical  Akt  targets  that  control  cell-cycle  progression  may  be  locat¬ 
ed  within  the  nucleus. 

Cell-cycle  progression  is  tightly  regulated  by  the  family  of 
cyclin-dependent  kinase  (CDK)  inhibitors.  p21CiplAVAF1  was  identi¬ 
fied  through  its  interaction  with  Cdk2  (ref.  18),  and  its  expression 
is  induced  by  activation  of  wild-type  p53  (ref.  19),  and  during  cel¬ 
lular  senescence20.  The  cell-growth-inhibiting  activity  of  p21c,pl/WAH 
is  strongly  correlated  with  its  nuclear  localization21,22.  However, 
recent  evidence  has  shown  that  p21cipl/WAF1  can  also  localize  in  the 
cytoplasm  and  has  an  important  role  in  protecting  cells  against 
apoptosis.  For  instance,  nuclear  p21cipl/WAF1  translocates  to  the  cyto¬ 
plasm  after  differentiation  of  U937  cells  into  monocytes,  and  this 
translocation  event  is  accompanied  by  resistance  to  various  apop- 
totic  stimuli23.  Furthermore,  cytoplasmic  p21c,p,/WAF1  forms  a  com¬ 
plex  with  apoptosis-signal-regulating  kinase  1  (ASK1)  that  inhibits 
the  stress-induced  mitogen-activated  protein  (MAP)  kinase  cas¬ 
cade  and  therefore  results  in  resistance  to  apoptosis  in  these  cells23. 
However,  the  mechanism  that  regulates  the  localization  of 
p21cipi/WAF1  is  still  unknown. 

Here  we  show  that  blocking  the  Akt  pathway  by  using  a  domi¬ 
nant  negative  Akt  mutant  (DN-Akt)  inhibits  cell  growth.  This 
growth  inhibition  is  correlated  with  nuclear  localization  of 
p21cipl/WAF1.  We  demonstrate  that  Akt  can  associate  with  p21ciplAVAF1 


and  phosphorylates  a  consensus  threonine  residue  (T145)  in  the 
nuclear-localization  signal  (NLS)  of  p21c,plAVAR,  leading  to  the 
cytoplasmic  localization  of  p21CiplAVAF1.  We  thus  identify  a  new  sig¬ 
nalling  pathway  and  show  that  overexpression  of  HER-2/neu  may 
enhance  cell  proliferation  by  inducing  cytoplasmic  localization  of 
p2icipi/wAFi  through  the  serine/threonine  kinase  Akt. 


Results 

The  Akt  pathway  is  required  for  HER-2/neu- mediated  cell  prolif¬ 
eration.  To  study  the  effect  of  Akt  on  HER-2/neu- mediated  cell  pro¬ 
liferation,  we  used  a  model  system  that  consists  of  NIH3T3  cells, 
HER-2/neu  3T3  cells  (NIH3T3  cells  transformed  with  HER-2/neu) 
and  DN-Akt  3T3  cells  ( HER-2/neu  3T3  cells  transfected  with  DN- 
Akt)4.  As  expected,  HER-2/neu  3T3  cells  grew  much  faster  than  the 
parental  NIH3T3  cells  (Fig.  la).  The  Akt  pathway  is  known  to  be 
constitutively  activated  in  HER-2/neu  3T3  cells4,  and  when  this 
pathway  was  blocked  by  DN-Akt,  cell  growth  became  slower  (Fig. 

la) .  This  was  not  due  to  the  heterogeneity  of  the  cell  clones,  because 
a  specific  PI-3K  inhibitor,  wortmannin,  also  produced  a  similar 
slowing  of  growth  in  HER-2lneu  3T3  cells  (Fig.  la).  When  the  DNA 
synthesis  rate  was  determined  by  measuring  incorporation  of 
[3H] thymidine,  HER-2/neu  3T3  cells  also  exhibited  greater 
amounts  of  DNA  synthesis  than  the  parental  NIH3T3  cells  (Fig. 

lb) .  HER-2/neu- induced  DNA  synthesis  was  significantly  inhibited 
by  blocking  the  Akt  pathway  with  either  wortmannin  or  DN-Akt. 

As  the  net  rate  of  cell  growth  depends  on  a  fine  balance  between 
the  rates  of  cell  proliferation  and  cell  death,  we  also  investigated 
whether  apoptosis  contributes  to  the  difference  in  growth  in  these 
cells.  There  was  no  significant  difference  in  apoptosis  among  these 
cells,  as  measured  by  fluorescence-activated  cell  sorting  (FACS) 
analysis  (Fig.  lc).  Therefore,  the  reduction  in  cell  growth  in  DN- 
Akt  3T3  cells  was  most  probably  a  result  of  the  reduction  in  cell 
proliferation.  To  investigate  further,  we  also  carried  out  the  same 
experiments  using  another  HER-2/neu- overexpressing  breast-can¬ 
cer  cell  line,  MDA-MB453,  and  stable  DN-Akt  transfectants  of  it4. 
As  in  HER-2/neu  3T3  and  DN-Akt  3T3  cells,  three  independent 
clones  of  DN-Akt  transfectants  showed  reductions  in  cell  growth 
and  DNA  synthesis  (Fig.  Id,  e),  but  no  difference  was  observed  in 
apoptosis  (FACS  analysis,  data  not  shown).  A  revertant  that  had 
lost  DN-Akt  during  culture  exhibited  rates  of  cell  growth  and  DNA 
synthesis  that  were  almost  identical  to  those  of  parental  MDA- 
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Figure  1  The  Akt  pathway  is  required  for  HER-2/neu-mediated  cell  prolifera¬ 
tion.  a,  Blocking  the  Akt  pathway  reduces  the  growth  of  HER-2/neu  3T3  cells.  Cells 
(3  x  103)  were  seeded  in  96-well  plates  and  grown  in  DMEM/F12  plus  1%  FBS. 
Growth  rates  were  monitored  by  the  MTT  assay.  Data  are  means  ±  s.e.m.  from 
three  independent  experiments,  each  carried  out  in  quadruplicate,  b,  Cells  (3  x  103) 
were  grown  as  in  a  with  1  pCi  PHJthymidine  for  12  h.  Rates  of  cell  replication  were 
determined  by  measuring  PHJthymidine  incorporation.  Data  are  means  ±  s.e.m.  from 
three  independent  experiments,  each  carried  out  in  quadruplicate,  c,  Blocking  the 
Akt  pathway  does  not  significantly  induce  apoptosis  in  HER-2/neu  3T3  cells.  Cells 
were  grown  in  1%  serum,  and  the  percentage  of  cells  in  apoptosis  was  measured  by 
FACS  as  described4.  Data  are  means  ±  s.e.m.  from  three  independent  experiments, 
d,  Blocking  the  Akt  pathway  reduces  cell  growth  in  MDA-MB453  cells.  Cells  were 
grown  in  six-well  plates  as  in  a,  and  their  growth  rates  were  measured  by  cell  count¬ 
ing  (see  Methods).  Data  are  means  ±  s.e.m.  from  three  independent  experiments,  e, 
Rates  of  DNA  synthesis  in  each  of  the  cell  lines  in  d  was  determined  as  in  b.  f, 
Overexpression  of  HER-2/neu  induces  expression  of  p21Cipl'WAF1.  Lysates  (50  pg) 
from  the  indicated  cell  lines  were  analysed  by  12%  SDS-PAGE.  After  proteins  were 
transferred  to  a  nitrocellulose  membrane,  expression  of  p21Clpl/WAF1  was  measured 
using  a  monoclonal  antibody  against  p21Cipl'WAF1  (Pharmingen). 


MB453  cells  (Fig.  Id,  e).  Together,  our  results  indicate  that  the  Akt 
pathway  is  required  for  HER-2/neu-mediated  cell  proliferation  and 
that  inhibition  of  this  pathway,  either  by  a  PI-3K  inhibitor  or  by 
DN-Akt,  significantly  reduces  cell  proliferation. 

Cell  proliferation  is  tightly  regulated  by  the  family  of  CDK 
inhibitors.  For  example,  p21CiPI/WAF1  has  been  shown  to  have  a  critical 
function  in  regulating  cell  proliferation18-20.  We  therefore  monitored 
expression  of  p21Cipl/WAF1  in  the  cell  lines  described  above.  Levels  of 


Figure  2  Threonine  145  of  P21cipl^AF1  is  phosphorylated  in  vivo,  a, 

Endogenous  p21Cipl^AF1  is  phosphorylated  in  vivo  in  response  to  insulin.  MDA-MB453 
cells  were  incubated  with  1.5  mCi  mh1  [32P]orthophosphate  for  3.5  h  and  then  stimu¬ 
lated  for  30  min  with  insulin  in  the  presence  or  absence  of  LY294002.  Cells  were 
then  lysed,  and  the  endogenous  p21Cipl'WAF1  was  immunoprecipitated  with  a  specific 
antibody  and  subjected  to  two-dimensional  phosphopeptide  analysis  (see  Methods). 
Arrows  indicate  the  spots  induced  by  insulin  and  inhibited  by  PI-3K  inhibitor,  b, 
Tyrosine  residues  in  p21Cipl/WAF1  are  not  phosphorylated.  MDA-MB453  cells  were 
treated  as  in  a,  and  one-third  of  the  lysate  was  analysed  by  western  blotting  for  acti¬ 
vation  of  Akt  and  tyrosine  phosphorylation  of  HER-2/neu  (exposure  to  anti-phosphoty- 
rosine  antibody  clone  4G10  (Upstate  Biotechnology)  for  2  s).  The  remaining  lysate 
was  subjected  to  immunoprecipitation  (IP)  with  a  specific  antibody  against 
p2iclpi/wafi(  ancj  to  western  blotting  with  specific  antibodies  against  p21Cipl'WAF1  and 
phosphotyrosine  (exposure  to  clone  4G10  for  20  min).  P  denotes  phosphorylation, 
c,  p21Clpl/WAF1  is  phosphorylated  at  T145.  MDA-MB453  cells  were  treated  as  in  a, 
and  p21Cipl/WAF1  was  immunoprecipitated  and  subjected  to  trypsin  digestion  and  to 
amino-acid  sequencing  by  Edman  degradation  (the  sequence  of  the  relevant  peptide 
is  shown  at  the  bottom).  The  amount  of  radioisotope  released  from  each  cycle  of 
Edman  degradation  was  detected  with  a  Cerenkov  counter.  Background  counts, 
which  were  typically  50-60  c.p.m.,  were  subtracted  from  each  measurement. 


p2iciPi/wAi-i  expression  were  significantly  higher  in  HER-2/neu  3T3 
cells  than  in  the  parental  cells  (Fig.  If),  which  is  consistent  with  pre¬ 
vious  results24.  Inhibition  of  the  Akt  pathway  by  DN-Akt  did  not 
significantly  affect  p21QP1/WAF1  expression  (Fig.  If).  This  result  can¬ 
not  account  for  the  HER-2/neu- induced  cell  proliferation  and  indi¬ 
cates  that  there  may  be  an  unknown  mechanism  that  overrides  that 
of  enhanced  expression  of  p21Cipl/WAF1  in  HER-2/neu  3T3  cells. 
Threonine  145  of  p21Cipl/WAF1  is  phosphorylated  by  Akt.  As  protein 
phosphorylation  has  a  significant  role  in  the  regulation  of  protein 
function,  and  as  p21CiP1/WAF1  has  been  shown  to  be  phosphorylated  in 
vitro  by  protein  kinase  C  (ref.  25),  we  examined  the  phosphorylation 
pattern  of  endogenous  p21ClP1/WAF1,  using  in  vivo  [32P]  orthophosphate 
labelling  and  two-dimensional  phosphopeptide  analysis  (Fig.  2a).  A 
strong  phosphorylated  peptide  spot  was  observed  after  induction  by 
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insulin,  which  is  known  to  activate  PI-3K/Akt;  this  spot  was  much 
weaker  in  cells  that  were  incubated  with  the  PI-3K  inhibitor 
LY294002.  This  insulin-induced  phosphorylation  spot  was  most 
probably  a  result  of  phosphorylation  of  serine  or  threonine,  rather 
than  tyrosine,  residues  in  p21Cipl/WAR,  because  no  tyrosine  phos¬ 
phorylation  was  detected  when  endogenous  p21Cip,AVAF1  was 
immunoprecipitated  and  examined  by  western  blotting  with  a  spe¬ 
cific  antibody  against  phosphorylated  tyrosine  (Fig.  2b).  The  fact 
that  no  tyrosine-phosphorylated  endogenous  p21Qp,/WAF1  was 
detected  was  not  due  to  the  quality  of  the  antibody,  because  the 
same  antibody  was  able  to  detect  tyrosine  phosphorylation  of  the 
HER-2/neu  gene  product  in  the  same  cell  lysate  (Fig.  2b).  We  inves¬ 
tigated  further  the  site  of  insulin-induced  phosphorylation  in 
p21(:ipl/WAF1  by  in  vivo  [32P] orthophosphate  labelling,  and  then  sub¬ 
jected  the  trypsin-digested  phosphopeptides  to  amino-acid 
sequencing  by  Edman  degradation.  The  activity  of  radioisotope 
was  released  after  the  second  cycle  of  Edman  degradation  (Fig.  2c), 
but  was  greatly  reduced  when  cells  were  pretreated  with  LY294002 
(data  not  shown).  Judging  from  the  amino-acid  sequence  of 
p21CiPi/WA,:i,  the  only  trypsin -digested  peptide  that  contains  threo¬ 
nine  or  serine  at  position  2  in  its  sequence  is  144QTSMTDFYHSK1:>4. 
Thus,  our  results  indicate  that  T145  of  p21cip,AVAF1  is  phosphorylat¬ 
ed  in  vivo  and  that  this  phosphorylation  could  be  induced  by 
insulin  and  inhibited  by  PI-3K  inhibitor. 

The  nuclear  localization  of  p21Cip,/WAF1  seems  to  be  responsible 
for  its  inhibition  of  cell  growth  and  is  controlled  by  the  NLS  at  its  car- 
boxy  terminus26.  We  noticed  that  there  is  a  putative  Akt-phosphory- 
lation  motif,  containing  the  phosphorylated  T145  residue  (Fig.  2)  in 
the  NLS  of  p21ciplAVAF1  and  that  motif  is  highly  conserved  among  dif¬ 
ferent  species  (Fig.  3a).  To  determine  whether  Akt  interacts  with  and 
phosphorylates  p21Cipl/VVAF1  and  so  regulates  its  cellular  localization, 
we  first  carried  out  co-immunoprecipitation  experiments  to  detect 
an  association  between  Akt  and  p21Cip,AVAF1.  After  immunoprecipitat- 
ing  endogenous  Akt  from  MDA-MB453  cells,  we  detected  the  pres¬ 
ence  of  endogenous  p21CiplAVAF1,  whereas  no  endogenous  p21c:,plAVAF1 
was  detected  using  a  non-specfic  antibody  (Fig.  3b).  We  also  co¬ 
transfected  293T  cells  with  constitutively  active  Akt  (CA-Akt)  or  DN- 
Akt  together  with  wild-type  or  mutant  p21Cip,AVAF1  (the  mutant  con¬ 
taining  a  T145A  mutation).  After  immunoprecipitating  p21CiplAVAF1, 
we  detected  Akt  and  vice  versa  (Fig.  3c,  d),  indicating  that  these  two 
molecules  are  associated.  This  association  was  dependent  on  the 
phosphorylation  status  of  Akt  and  on  the  status  of  p21c,plAVAF1. 
p2|Cipi/wAFi  associated  more  strongly  with  CA-Akt  than  with  DN- 
Akt,  and  un-phosphorylated  p21QplAVAH(T145A)  associated  much 
more  weakly  with  Akt  than  did  wild-type  p21ciplAVAF1.  Furthermore, 
Akt  could  phosphorylate  p21CiplAVAF1  both  in  vitro  and  in  vivo , 
whereas  DN-Akt  could  not  (Fig.  3e,  f).  The  fact  that  no  phospho¬ 
rylation  was  observed  on  p21c,pl/WAF1(T145A)  indicates  that  Akt 
interacts  with  p21c:iplAVAFl  and  phosphorylates  it  at  T145.  This  is  fur¬ 
ther  supported  by  the  fact  that  phosphorylation  at  T 145  is  induced 
by  insulin  and  inhibited  by  LY294002  (Fig.  2),  as  Akt  is  known  to  be 
activated  by  insulin  and  inhibited  by  LY294002. 

Activation  of  Akt  induces  cytoplasmic  localization  of  p21Cip,AVAF1. 
We  next  tested  whether  the  activation  of  Akt  affects  the  cellular 
localization  of  p21ciplAVAF1.  We  co-transfected  p21_/”  mouse  embry¬ 
onic  fibroblasts  (MEFs)  with  CA-Akt  or  DN-Akt  together  with 
wild-type  or  mutant  p21CiplAVAF1  (the  mutants  containing  T145A  or 
T145D  mutations)  and  examined  the  cellular  localization  of 
p21CiplAVAFi  by  immunofluorescence  analysis.  As  shown  in  Fig.  4, 
wild-type  p21CiplAVAF1  was  predominantly  present  in  the  cytoplasm 
in  the  presence  of  CA-Akt,  but  was  predominantly  in  the  nucleus 
when  DN-Akt  was  introduced.  Mutation  at  T145A  abolished  cyto¬ 
plasmic  localization  even  in  the  presence  of  CA-Akt. 
p21CiplAVAF1(T145D),  which  mimics  p21cip,AVAF1  phosphorylated  by 
Akt,  was  predominantly  present  in  the  cytoplasm,  regardless  of  the 
activation  status  of  the  Akt  pathway.  These  results  indicate  that 
T145  in  the  NLS  of  p21Cip!/WAF1  is  critical  in  determining  its  cellular 
localization,  and  that  phosphorylation  at  this  site  by  Akt  results  in 
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Figure  3  Akt  interacts  with  p21CiplAVAF1  and  phosphorylates  it  at  threonine 
145.  a,  Comparison  of  the  amino-acid  sequences  of  the  Akt-phosphorylation  motifs 
of  p21Cipl/WAF1  and  other  known  Akt  substrates.  The  consensus  sequence  is  shown 
at  the  top.  Numbers  on  the  right  indicate  the  positions  of  the  final  residues  shown 
in  each  case,  b,  Immunoprecipitation  (IP)  of  endogenous  Akt  and  detection  of 
endogenous  P21c,pl/WAF1 .  Endogenous  Akt  was  immunoprecipitated  from  1,000  pg 
of  MDA-MB453  cell  lysate  with  a  specific  antibody  against  Akt  or  with  control 
immunoglobulin  G.  After  transfer  to  a  nitrocellulose  membrane,  endogenous 
p 2 1  cipi/wAFi  was  detected  with  a  specific  antibody  against  p21Cipl/WAF1.  c, 
Immunoprecipitation  of  p21Clpl/wy1  and  detection  of  Akt.  HA-tagged  DN-Akt  or  CA- 
Akt  (10  pg)  and  Flag-tagged  wild-type  or  mutant  p21Cipl/WAF1  (10  pg)  were  co-trans¬ 
fected  into  293T  cells.  Cells  were  lysed  after  48  h  and  p21c,pl/WApi  was  immunopre¬ 
cipitated  with  anti-Flag  antibody.  After  transfer  to  a  nitrocellulose  membrane,  Akt 
was  detected  with  anti-HA  antibody,  d,  Immunoprecipitation  of  Akt  and  western  blot¬ 
ting  of  p21c-plAWAF1.  Akt  was  immunoprecipitated  with  an  anti-HA  antibody  and 
p2 1  cipiavafi  was  detected  with  an  anti-Flag  antibody,  e,  Akt  phosphorylates 
p2 1  cipi/wAFi  at  yi45i  HA-tagged  CA-Akt  or  DN-Akt  (20  pg)  was  transiently  transfect¬ 
ed  into  293T  cells  as  described  above.  After  48  h  of  incubation,  CA-Akt  or  DN-Akt 
was  immunoprecipitated  with  an  anti-HA  antibody  and  incubated  with  5  pg  of  either 
GST-p21Cipl/WAF1  or  GST-p21Cipl^AF1(T145A)  in  jpnase  buffer  containing  5  pCi 
fy32P]ATP  for  30  min  at  30  °C.  The  kinase  reaction  was  terminated  with  SDS-PAGE 
buffer,  and  samples  were  assayed  by  autoradiography.  The  lower  two  panels  show 
western  blots  for  Akt  and  the  GST-fusion  protein  used  in  the  phosphorylation  reac¬ 
tion,  detected  with  antibodies  against  Akt  and  P21Cipl/WAF1,  respectively,  f,  CA-Akt  or 
DN-Akt  (18  pg)  and  Flag-tagged  wild-type  or  mutant  p21CiplA/VAF1  (T145A  mutation;  2 
pg)  were  co-transfected  into  293T  cells.  After  48  h  cells  were  labelled  with  1  mCi 
mb1  FPl-orthophosphate  for  3  h.  p21Cipl^AF1  was  immunoprecipitaed  from  lysates 
and  analysed  either  by  autoradiography,  to  detect  phosphorylation  of  p21Cipl/WAF1  in 
vivo  (upper  panel),  or  by  western  blotting,  as  a  control  for  equal  amounts  of 
p2icipi/wAn  (|ower  panel).  The  histogram  shows  the  amounts  of  labelled  p21Cipl^AF1 
relative  to  the  amount  of  immunoprecipitated  p21Cipl/WAF1  in  western  blots. 
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Figure  4  Akt  alters  the  cellular  localization  of  p21Cipl/WAF1.  CA-Akt  or  DN-Akt  (9 
pg)  and  wild-type  or  mutant  p21Clpl/WAF1  (1  pg)  were  co-transfected  into  p21_/"  MEFs. 
After  36  h  of  incubation,  cells  were  trypsinized  and  plated  onto  chamber  slides  for 
a  further  12  h.  After  fixation,  the  cellular  localization  of  p21c?plAVAF1  was  detected 
using  a  monoclonal  antibody  against  human  p21c,p1/WAF1.  After  extensive  washing  in 
PBS,  samples  were  further  incubated  with  Texas  Red-conjugated  goat  anti-mouse 
immunoglobulin  G  plus  DAPI  and  examined  by  fluorescence  microscopy.  When  wild- 


cytoplasmic  localization  of  p21Qpl/WA!1. 

We  carried  out  the  above  experiments  in  cells  that  were  tran¬ 
siently  transfected  with  exogenous  genes.  To  investigate  whether 
endogenous  p21Cipl/WA,:i  can  be  regulated  in  a  similar  way,  we  first 
carried  out  biochemical  cellular  fractionation  to  determine  the 
localization  of  endogenous  p21cipl/WAR  in  HER-2/neu- overexpress¬ 
ing  cells  and  their  DN-Akt  transfectants.  p21Cip,/VVAR  was  predomi¬ 
nantly  located  in  the  cytoplasm  in  both  HER-2/neu  3T3  cells  and 
MDA-MB453  cells,  in  which  Akt  was  constitutively  activated  (Fig. 
5a).  However,  when  the  Akt  pathway  was  blocked  by  DN-Akt, 
p21Cip,/WA|:i  was  primarily  present  in  the  nucleus  in  both  DN-Akt 
3T3  and  DN-Akt/MB453  cells  (Fig.  5a).  As  a  control,  we  used  actin 
and  proliferating-cell  nuclear  antigen  (PCNA)  as  cytoplasmic  and 
nuclear  markers,  respectively,  to  confirm  that  the  observed  cellular 
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type  p21Clpl/WAF1  was  co-transfected  with  CA-Akt,  -75%  was  localized  in  the  cyto¬ 
plasm.  However,  when  wild-type  p21Clpl/WAn  was  co-transfected  with  DN-Akt,  -90% 
was  detected  in  the  nucleus.  When  p21Clpl/WAF1(T145A)  was  co-transfected  with  CA- 
Akt  or  DN-Akt,  -80%  and  -90%,  respectively,  was  localized  in  the  nucleus.  When 
p2icpi'WAn(Ti45D)  was  cotransfected  with  CA-Akt  or  DN-Akt,  -72%  and  -78%, 
respectively,  was  localized  in  the  cytoplasm. 


localization  of  p21cipl/VVA|;i  was  not  due  to  contamination.  Similar 
results  were  obtained  when  we  stained  HER-2/neu  3T3  cells  and 
their  DN-Akt  transfectants  for  endogenous  p21ap!/WAIM  using  the 
same  techniques  as  described  in  Fig.  4  (data  not  shown).  To  inves¬ 
tigate  further  whether  phosphorylation  of  endogenous  p21c,pI/WAH 
by  Akt  affects  its  subcellular  localization,  we  treated  MDA-MB453 
cells  with  insulin,  which  is  known  to  be  a  potent  Akt  activator  (Fig. 
2b).  Endogenous  p21c:iplAVAR  was  present  in  both  the  nucleus  and 
cytoplasm  of  MDA-MB453  cells,  and  the  cytoplasmic  fraction  of 
p2p:ipJAVAri  was  significantly  increased  upon  stimulation  of  insulin 
(Fig.  5b).  Although  equal  amounts  of  protein  were  loaded  onto  the 
gel,  the  ratio  of  the  protein  contents  of  cytoplasm  and  nucleus  was 
roughly  10:1  in  the  cellular  fraction.  In  contrast  to  parental  cells, 
endogenous  p21Cip,/VVAF1  was  mainly  in  the  nucleus  in  DN-Akt 
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Figure  5  Cellular  localization  of  endogenous  p21CipvwAFi<  a(  Cellular  fractiona¬ 
tion  was  carried  out  to  determine  the  cellular  localization  of  p21Cipl/WAF1  in  HER- 
2/neu  3T3  cells,  MDA-MB453  cells,  and  their  DN-Akt  transfectants  (see  Methods). 
Equal  amounts  (40  pg)  of  cytoplasmic  fraction  (0  and  nuclear  fraction  (N)  from 
each  sample  were  analysed  by  12%  SDS-PAGE.  Actin  and  proliferating-cell  nuclear 
antigen  (PCNA)  were  used  as  markers  of  the  cytoplasmic  and  nuclear  fractions, 
respectively.  In  each  cellular  fractionation,  ten  times  as  much  protein  was  present 
in  the  cytoplasm  as  in  the  nucleus,  b,  The  cellular  location  of  endogenous 
p2ic.pi/wAFi  js  regulated  by  activation  of  Akt.  MDA-MB453  cells  were  stimulated  with 
insulin  in  the  presence  or  absence  of  the  PI-3K  inhibitor  LY294002.  Cellular  fraction¬ 
ation  was  carried  out  (see  Methods).  Equal  amounts  of  cytoplasmic  and  nuclear 
fraction  from  each  sample  were  analysed  by  western  blotting. 


transfectants,  and  this  nuclear  localization  was  not  affected  by 
insulin  treatment.  Together,  these  results  indicate  that  the  distribu¬ 
tion  of  endogenous  p21ciP1/WAF1  can  be  regulated  by  extracellular 
stimuli,  such  as  insulin,  through  the  PI-3K/Akt  pathway. 

These  results  clearly  demonstrate  that  p21CiP1/WAF1  is  regulated  by 
the  HER-2/neu- Akt  pathway  in  cell  culture.  To  determine  whether 
this  is  also  the  case  in  tumour  tissues,  we  compared  the  levels  of 
activated  (phosphorylated)  Akt  and  the  cellular  localization  of 
p21CiplAVAF1  in  five  HER-2/neu- positive  and  five  HER-2/neu- negative 
human  breast  tumours  by  immunostaining  with  specific  antibod¬ 
ies  against  phosphorylated  Akt  and  against  p21CiP1/WAF1.  Consistent 
with  our  previous  results4,  Akt  was  activated  in  all  HER-2/neu- pos¬ 
itive  breast  tumours.  In  these  tissues,  p21CiP1/WAF1  was  present  in 
both  the  nucleus  and  the  cytoplasm.  In  contrast,  in  all  HER-2/neu- 
negative  breast  tumours  examined,  Akt  was  not  activated,  and 
p2  }Cipi/wAFi  was  prjmariiy  localized  in  the  nucleus.  A  representative 
experiment  is  shown  in  Fig.  6.  The  tumour- staining  data  support 
our  findings  in  cell- culture  experiments  and  further  strengthen  the 
hypothesis  that  overexpression  of  HER-2/neu  can  regulate  the  cel¬ 
lular  distribution  of  p21CiP1/WAF1  through  activation  of  Akt. 

Nuclear  p21cipl/WAF1(T145A)  preferentially  supresses  growth  of 
transforming  cells.  Because  Akt  can  phosphorylate  p21ciP1/WAF1  and 
cause  it  to  be  localized  in  the  cytoplasm,  we  next  investigated 
whether  the  phosphorylation  status  of  p21CiP1/WAF1  at  T145  affects 
the  cell-growth-inhibiting  activity  of  p21CiP1/WAF1.  We  transfected 
NIH3T3,  HER- 2 /neu  3T3,  and  DN-Akt  3T3  cells  with  wild-type 
p2iciPmvAFi  ancj  jts  mutants  T145A  (which  cannot  be  phosphorylat¬ 
ed)  and  T145D  (which  mimics  the  phosphorylated  wild  type),  and 
measured  their  growth-inhibiting  activity  using  a  colony-forma¬ 
tion  assay.  As  shown  in  Fig.  7a,  wild-type  p21CiP1/WAF1  did  not  effec¬ 
tively  inhibit  the  growth  of  HER-2/neu  3T3  cells,  in  which  Akt  is 
constitutively  activated,  compared  with  NIH3T3  and  DN-Akt  3T3 
cells.  However,  p21Cipl/WAF1(T145A)  caused  similar  inhibition  of 
growth  in  these  three  cell  lines,  and  this  activity  was  independent  of 
activation  of  Akt.  In  contrast,  p21Cipl/WAF1(T145D)  in  all  three  cell 
lines  behaved  similarly  to  the  wild  type  in  HER-2/neu  3T3  cells. 
When  the  rate  of  DNA  synthesis  was  measured  by  incorporation  of 
bromodeoxyuridine  (BrdU)  (Fig.  7b),  inhibition  of  growth  by 


Figure  6  HER-2/neu  activates  Akt  and  induces  cytoplasmic  localization  of 

p23.ciPi/wAFi  in  breast  tumours.  Tissue  sections  from  HER-2/net>positive  (a-c) 
and  HER-2/neu-negative  (d-f)  adenocarcinomas  were  stained  with  specific  antibod¬ 
ies  against  HER-2/neu  (a,  d),  phosphorylated  Akt  (b,  e)  and  p21CiplAMF1  (c,  f),  or 


with  normal  rabbit  serum  (data  not  shown).  Immunostaining  was  visualized  with  per¬ 
oxidase-conjugated  secondary  antibody.  Black  and  white  arrows  indicate  the  cyto¬ 
plasmic  and  nuclear  localization  of  p21CiplAVAF1  in  c  and  f,  respectively. 


NATURE  CELL  BIOLOGY  | VOL  3 1  MARCH  2001 1 http://cellbio.nature.com 


249 


articles 


a 


30 


T 


T 


□  Wild-type  p21 
G3  P21(T145A) 
■  p21(T145D) 


_T 

X 


X 

IX 


V# 


Figure  7  Growth-inhibiting  activities  of  mutants.  p21CiP1/WAF1(T145D) 

has  reduced  inhibition  activity,  whereas  p21c'^AF1(T145A)  retains  its  inhibition 
activity  independently  of  Akt  activation,  a,  The  colony-formation  assay  was  used  to 
measure  the  inhibition  activity  of  p21CiplAVAF1  and  its  mutants.  Wild-type  or  mutant 
p2 1  cipi/wAFi  (T145A  or  T145D  mutation)  or  the  vector  pcDNA3  (2  pg  of  each)  was 
transfected  into  NIH3T3,  HER-2/neu  3T3,  and  DN-Akt  3T3  cells.  The  number  of 
colonies  from  each  transfectant  was  determined  by  crystal-violet  staining. 
Percentages  of  colonies  for  wild-type  and  mutant  p21Clpl/WAF1  were  calculated  by 
defining  the  number  obtained  from  vector  transfection  alone  as  100%.  Data  are 
means  ±  s.e.m.  from  four  independent  experiments,  b,  The  BrdU-incorporation 
assay  was  also  used  to  measure  the  inhibition  activity  of  P21c,pl/VVAF1  and  its 
mutants.  Vector  containing  membrane-bound  GFP  (1  pg)  and  wild-type  or  mutant 
p2icipi/wAri  or  vector  PcDNA3  (9  pg  each)  were  co-transfected  into  NIH3T3,  HER- 
2/neu  3T3,  and  DN-Akt  3T3  cells,  using  liposome.  After  48  h  of  incubation,  cells 
were  labelled  with  BrdU  for  1  h  and  fixed  with  70%  ethanol.  Cells  were  then  stained 
with  anti-BrdU  antibody  and  incubated  with  fluorescein-conjugated  secondary  anti¬ 
body.  After  extensive  washing,  cells  were  sorted  for  the  presence  of  GFP  signal, 
and  incorporation  of  BrdU  was  measured  by  FACS  analysis.  Percentages  of  BrdU 
incorporation  for  wild-type  and  mutant  p21c,pl^AF1  were  calculated  by  defining  the 
number  obtained  from  vector  (pcDNA3)  alone  as  100%.  Data  are  means  ±  s.e.m. 
from  two  separate  experiments. 


wild-type  p21(:ipl/WAR  was  regulated  by  the  activation  status  of  Akt, 
which  is  consistent  with  the  results  of  the  colony-formation  assay. 
p2i cipi/wAFi  (t  1 45 A)  inhibited  growth  independently  of  Akt  activa¬ 
tion.  The  activity  of  p21f:i|>1/WAR(T145D)  was  also  independent  of 
Akt  activation,  although  its  inhibitory  effect  was  weaker  in  all  three 
cells  and  was  comparable  to  that  of  wild -type  P21cipl/WA,;i  in  HER- 
2/neu3T3  cells,  in  which  p21Cipl/WAF1  is  predominantly  located  in  the 
cytoplasm.  Why  p21c:ipl/WAF1(T145D)  only  partially  lost  its  ability  to 
inhibit  cell  growth  is  not  clear.  One  explanation  is  that  it  may  still 
retain  its  ability  to  inhibit  the  function  of  Cdk2,  Cdk4  and  cyclin  D, 
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I 

PI-3K 


I 

Akt 


Figure  8  Model  for  HER-2/neu- induced  cytoplasmic  localization  of 

p2iciPi/wAFi  through  activation  of  Akt.  Dashed  lines  are  derived  from  previous 
studies23  28.  Solid  lines  are  derived  from  the  study  reported  here. 


which  shuttle  between  the  nucleus  and  cytoplasm.  Alternatively, 
cytoplasmic  p21Cipl/WAF1  may  also  have  effects  on  cell  growth. 
Further  systemic  study  is  required  to  elucidate  the  detailed  mecha¬ 
nism.  Together,  our  results  indicate  that  phosphorylation  at  T145  in 
the  NLS  of  p21cipl/WAn  by  Akt  triggers  cellular  localization  and 
thereby  regulates  the  growth- inhibiting  activity  of  p21Qpl/WAH. 


Discussion 

The  cellular  localization  of  p21Cipl/WAl:'  was  recently  proposed  to  be 
critical  for  the  regulation  of  p21QpI/WAF1  function27.  However,  the 
mechanism  by  which  the  cellular  localization  of  p21cipl/WAF1  is  con¬ 
trolled  was  not  known.  Here  we  have  identified  this  mechanism  as 
phosphorylation  by  Akt  of  p21Cipl/WAF1  at  T145,  which  results  in  cyto¬ 
plasmic  localization  and  suppression  of  growth-inhibiting  activity. 
Our  results,  together  with  previous  findings28,  lead  us  to  propose  a 
plausible  model  for  how  Akt  simultaneously  coordinates  two  func¬ 
tionally  different  proteins  to  achieve  a  harmonious  effect  on  cell  pro¬ 
liferation  (Fig.  8).  On  one  hand,  activation  of  Akt  inhibits  glycogen 
synthase  kinase-3(3  (GSK-3P)  and  stabilizes  the  growth-promoting 
factor  cyclin  D  in  the  nucleus  to  stimulate  cell  growth28,  whereas  on 
the  other  hand,  Akt  can  also  phosphorylate  p21cipl/WAFI  and  cause  it 
to  localize  to  the  cytoplasm,  thereby  suppressing  its  growth-inhibit¬ 
ing  activity.  Furthermore,  our  results,  together  other  previous  find¬ 
ings23  also  indicate  a  possible  mechanism  for  the  anti-apoptotic  effect 
of  p21Cipl/WAF1.  It  has  been  shown  that  cytoplasmic  p21Cipl/WAF1  forms 
a  complex  with  ASK1  to  inhibit  the  stress-induced  MAP  kinase  cas¬ 
cade,  which  results  in  resistance  to  apoptosis  induced  by  many  stim¬ 
uli23.  Over  expression  of  HER-2/neu  is  known  to  activate  the  Akt 
pathway  and  to  confer  resistance  to  apoptosis  induced  by  various 
stimuli4,24.  It  will  be  interesting  to  determine  whether  this  resistance 
is  due  to  the  formation  of  complexes  between  cytoplasmic 
p21Cipl/WAF1  and  ASK1  in  HER-2/nen-overexpressing  cells.  In  general, 
protein  translocation  is  recognized  as  a  crucial  mechanism  for  the 
regulation  of  protein  function27.  Our  results  provide  a  clear  example 
of  regulation  by  Akt  of  the  cellular  location  of  p21Cipl/WAF1  by  phos¬ 
phorylation  at  T145,  and  indicate  that  this  process  may  be  involved 
in  HER-2/neu-  or  Akt-mediated  cell  proliferation.  □ 


Methods 

Materials. 

The  PI-3K  inhibitor  wortmannin  and  the  DNA  dye  DAPI  were  from  Roche.  Anti-Flag  and  anti- 
haemagglutinin  (HA;  12C5)  antibodies  were  from  Sigma  and  Roche,  respectively.  DNA  plasmids 
encoding  CA-Akt  and  DN-Akt  were  provided  by  P.  Tsichlis  (Fox  Chase  Cancer  Center).  Antibodies 
against  Akt  and  p21<:iplAVAH  were  from  New  England  Biolabs  and  Santa  Cruz,  respectively. 
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p2jcipi/wAFi  constructs. 

A  BcwjHI  site  and  an  HcoRl  site  were  generated  by  polymerase  chain  reaction  (PCR)  near  the  start  and 
termination  codons,  respectively,  in  human  wild-type  p21r‘r'Awri  and  were  subcloned  into  the  expres¬ 
sion  vector  pcDNA3.  Site-directed  mutagenesis  was  carried  out  according  to  the  manufacturers  proto¬ 
col  (Clontech).  T145  in  p21t'iplAVAFI  was  replaced  with  either  alanine  or  aspartic  acid,  using  the  follow¬ 
ing  primers:  T145A,  S'-CGAAAACGGCGGCAGGCCAGCATGAC;  T145D,  5'-CGAAAACGGCGG- 
CAGGACAGCATGAC.  For  the  colony-formation  assay  in  DN-Akt  3T3  cells,  a  BcmiHI-EcoRI  fragment 
containing  witd-type  or  mutant  p21Cl!'l/w'F1  was  subcloned  into  the  expression  vector 
pcDNA3-hygromycin.  The  sequences  of  the  p2  lf:irl/WAFI  constructs  were  verified  by  automated 
sequencing.  To  generate  constructs  for  bacterial  expression  of  wild-type  and  mutant  p21CiplAVAR  tagged 
with  glutathione-S-transferase  (GST),  the  same  fragments  were  subcloned  into  the  bacterial  expression 
vector  pGEX4T-3  (Pharmacia).  Wild- type  and  mutant  p21r,f>IAVAFI  proteins  were  inducibly  expressed  in 
Escherichia  coli  strain  BL21  and  purified  by  glutathione-sepharose  chromatography  (Pharmacia). 

Cell  culture. 

NIH3T3,  HER-2/ ncu  3T3  and  MDA-MB453  cells,  p21ai1,A'Ari -deficient  MEFs,  and  293T  cells  were  cul¬ 
tured  in  DMEM/F12  supplemented  with  10%  FBS.  DN-Akt  transfectants  of  HER-2/tieu  3T3  and 
MDA-MB453  cells  were  grown  under  the  same  conditions,  except  that  450  fig  ml"1  G418  was  added  to 
the  culture  medium4. 293T  cells  were  transfected  using  the  calcium-phosphate  technique  and 
p2j(jpi/wAi r. -deficient  cells  by  the  liposome  method  (Cell  and  Molecular  Technologies,  Lavallette,  New 
Jersey). 

In  vitro  growth-rate  analysis. 

In  vitro  growth  rates  of  the  cell  lines  were  assessed  by  counting  cells  with  a  Coulter  counter  or  by  the 
MTT  (3-  [4,5-dimethylthia7.oI-2-yl]  2,5-diphenyl terazolium  bromide)  assay  as  described29. 

[3H]thymidine-incorporation  assay. 

Proliferation  rates  of  the  cell  lines  were  analysed  by  measuring  incorporation  of  f3H]  thymidine  as 
described29. 

Endoproteinase  cleavage  and  two-dimensional  phosphopeptide  analysis. 

Two-dimensional  analysis  of  p21°rl/WAri  phosphopeptides  was  carried  out  using  a  HTLE-7000  elec¬ 
trophoresis  system  (CBS  Scientific,  Del  Mar,  California)  as  described30.  Briefly,  MDA-MB453  cells  were 
incubated  with  1.5  mCi  ml"1  [32P] orthophosphate  for  3.5  h  and  then  stimulated  for  30  min  with 
insulin  in  the  presence  or  absence  of  LY294002.  Endogenous  p210pl/WAR  was  immunoprecipitated, 
blotted,  and  visualized  by  autoradiography.  The  32P- labelled  p21CipimAFI  protein  on  the  nitrocellulose 
membrane  was  excised  and  digested  with  Tosyl-L-phenylalaninc  chloromethyl  ketone  (TPCK)-trypsin 
(Sigma).  Completely  digested  phosphopeptides  were  spotted  onto  thin-layer  cellulose  plates  (20  x  20 
cm)  and  separated  in  the  first  dimension  by  electrophoresis  at  1,000  V  for  35  min  in  buffer  (2.2% 
formic  acid  and  7.8%  acetic  acid,  pH  1.9).  Cellulose  plates  were  then  placed  in  a  chromatography  tank 
containing  phosphochromatography  buffer  (38%  N-butanol,  25%  pyridine  and  7.5%  acetic  acid)  for 
6-8  h  to  separate  the  phosphopeptides  in  the  second  dimension.  Dried  cellulose  plates  were  then 
exposed  to  Kodak  X-AR  film. 

Edman  degradation. 

Modified  manual  Edman  degradation  was  carried  out  as  described'1.  Briefly,  phosphopeptides  were 
covalently  coupled  to  Sequelon-AA  discs  (Pcrscptive  Biosystem  Inc.,  Foster  City,  California)  and  sub¬ 
jected  to  consecutive  cycles  of  Edman  degradation.  After  each  cycle,  discs  were  treated  with  trifluo- 
roacetic  acid  to  cleave  and  release  the  amino-terminal  amino  acid,  and  the  amount  of  radioisotope 
released  was  measured  by  Cerenkov  counting. 

In  vitro  kinase  assay. 

293T  cells  (0.2  x  10*)  were  transfected  with  20  pg  of  HA-taggcd  CA-Akt  or  DN-Akt.  After  48  h,  Akt 
was  immunoprecipitated  from  cell  extracts  and  incubated  with  5  pg  of  purified  GST-p21°p,AVAH  (wild- 
type  or  mutant)  in  the  presence  of  5  pCi  [y-32P]ATP  and  50  mM  cold  ATP  in  kinase  buffer9  for  30  min 
at  30  °C.  Reaction  products  were  resolved  by  SDS-PAGE,  and  32P-labelled  proteins  were  visualized  by 
autoradiography. 

[32P]  ortho  phosphate  labelling. 

293T  cells  (0.2  x  10*)  were  co-transfected  with  18  pg  of  CA-Akt  or  DN-Akt  and  2  pg  of  wild-type  or 
mutant  p21<:ip,AV"1.  After  36  h,  cells  were  starved  for  12  h  and  then  incubated  in  phosphate-free  medi¬ 
um  for  1  h.  Cells  were  then  labelled  with  1  mCi  ml"1  [32P] orthophosphate  for  3  h.  They  were  then 
lysed,  and  p21(:iplAVAn  was  immunoprecipitated  from  cell  extracts  and  separated  by  12%  SDS-PAGE. 
Incorporation  of 32 P- phosphate  was  measured  by  autoradiography. 

Immunoprecipitation  and  immunoblotting. 

Cells  were  washed  twice  with  PBS  and  scraped  into  500  pi  of  lysis  buffer.  After  brief  sonication, 
the  lysate  was  centrifuged  at  14,000gfor  10  min  at  4  °C  to  remove  insoluble  cell  debris. 
Immunoprecipitation  and  immunoblotting  were  carried  out  as  described4. 

In  situ  immunofluorescent  staining. 

Roughly  0.2  x  10*  p21"'"  MEFs  were  plated  in  100-mm  plates  and  co-transfected  with  9  pg  of  CA-Akt 
or  DN-Akt  and  1  pg  of  wild-type  or  mutant  p21nr>IAVAri,  using  liposome.  After  36  h  of  incubation,  cells 
were  trypsinized  and  plated  onto  chamber  slides  for  a  further  12  h.  After  fixation  of  samples  in  acetone 
for  10  min  at  4  °C,  the  cellular  localization  of  p21riplAVAF1  was  determined  using  a  monoclonal  antibody 
against  human  p21t:iplAVAn  (1:100;  Santa  Cruz).  After  extensive  washing  in  PBS,  samples  were  further 
incubated  with  Texas  Red -conjugated  goat  anti-mouse  immunoglobulin  G  (1:400)  and  DAPI  (0.1  pg 


ml"1)  for  1  h.  After  extensive  washing,  samples  were  examined  by  fluorescence  microscopy  (Zeiss).  The 
nonspecific  reaction  of  secondary  antibody  was  ruled  out  by  the  absence  of  fluorescence  under  the 
microscope. 

Cellular  fractionation. 

Roughly  2  x  107  cells  were  pelleted  and  resuspended  in  800  pi  of  buffer  A  (10  mM  HEPES  pH  7.4, 1 
mM  EDTA  and  1  mM  dithiothreitol)  containing  the  protease  inhibitors  phenyl methylsulphonyl  fluo¬ 
ride,  leupeptin,  aprotinin  and  pepstatin.  After  incubation  on  ice  for  10  min,  cells  were  homogenized 
with  ten  strokes  in  a  Dounce  homogenizer.  They  were  then  examined  under  the  microscope  to  confirm 
that  >98%  of  cells  were  lysed.  After  brief  centrifugation  at  4  °C,  the  supernatant  (cytoplasmic  fraction) 
was  collected  and  the  pellet  was  washed  twice  with  400  pi  of  buffer  B23  and  then  resuspended  in  150  pi 
of  buffer  C23  with  gentle  rocking  for  30  min  at  4  °C  (ref.  23).  After  centrifugation,  the  supernatant 
(nuclear  fraction)  was  collected.  The  amounts  of  protein  in  the  cytoplasmic  and  nuclear  fractions  were 
determined  with  a  protein  assay  kit  (Bio-Rad)  and  the  protein  was  subjected  to  immunoblotting. 

Colony-formation  assay. 

The  colony- formation  assay  was  used  to  measure  the  inhibition  activity  of  p2lar,Mm  and  its  mutants. 
Wild-type  or  mutant  p21c,plAVM  I  (T145A  or  T145D  mutation)  or  the  vector  pcDNA3  (2  pg  of  each) 
was  transfected  into  NIH3T3,  HER-2/neu  3T3  and  DN-Akt  3T3  cells  in  six-well  plates,  using  liposome. 
After  48  h,  cells  were  trypsinized  and  evenly  distributed  into  four  100-mm  culture  plates.  Cells  were 
selected  with  700  pg  ml'1  G418  (or  100  pg  ml"1  hygromycin  for  DN-Akt  3T3  cells,  as  they  contain  the 
neomycin -resistance  gene)  for  3  weeks. 

Bromodeoxyuridine  {BrdU}  incorporation. 

The  BrdU-incorporation  assay  was  also  used  to  measure  the  inhibition  activity  of  p21<jpt,WAH  and  its 
mutants.  Vector  containing  membrane-bound  green  fluorescent  protein  (GFP,  1  pg)  and  wild-type  or 
mutant  p21°r,AW1  (TI45A  or  T145D  mutation)  or  the  vector  pcDNA3  (9  pg  of  each)  were  co-trans- 
fected  into  NIH3T3,  HER-2/neu  3T3  and  DN-Akt  3T3  cells,  using  liposome.  After  48  h,  cells  were 
labelled  with  BrdU  for  1  h  and  fixed  with  70%  ethanol.  Cells  were  then  stained  with  anti-BrdU  anti¬ 
body  and  incubated  with  fluorescein-conjugated  secondary  antibody.  After  extensive  washing,  cells 
were  sorted  for  GFP  signal,  and  incorporation  of  BrdU  was  measured  by  FACS  analysis. 
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Akt  takes  centre  stage 
in  cell-cycle  deregulation 

Wafik  S.  El-Deiry 

The  universal  cell-cycle  inhibitor  p21CiP1/WAF1  is  phosphorylated  and 
localized  in  the  cytoplasm  in  HerS/neu-overexpressmg  breast  cancers 
as  a  result  of  its  physical  association  with  the  oncogenic  Akt  protein. 
Subcellular  mislocalization  of  checkpoint  controllers  is  now  surfacing 
as  a  mechanism  of  deregulating  cell  proliferation  in  cancer. 


Abnormal  gene  amplification  and 
increased  cell-surface  expression  of 
the  transmembrane  Her2/neu  onco¬ 
protein  receptor  (relative  molecular  mass 
185,000;  also  known  as  ErbB2)  occurs  in  up 
to  30%  of  human  breast  and  other  cancers 
(reviewed  in  ref  1).  Neu  was  originally  dis¬ 
covered  as  an  oncogene  product  in  chemi¬ 
cally-induced  neuroblastomas  in  rats.  The 
Her2/neu  receptor,  a  member  of  the 
‘growth  factor’  glycoprotein  family  that 
includes  the  epidermal  growth-factor 
receptor  (EGFR),  possesses  a  cytoplasmic 
tyrosine-kinase  domain  that  signals  cell 
proliferation  and  increased  cell  survival. 
Moreover,  Her2/neu  overexpression  has 
been  associated  with  poor  patient  prognosis 
and  poor  response  to  chemotherapeutic 
agents  such  as  Taxol.  Recent  excitement  has 
surrounded  the  clinical  development  and 
remarkable  therapeutic  effects  of 
Her2/neu-blocking  antibodies,  such  as 
Herceptin2.  Meanwhile,  the  molecular 
details  of  how  Her2/neu  signals  enhance 
growth  and  survival  of  cancer  cells  and 
induce  therapeutic  resistance  continue  to 
emerge3.  On  page  245  of  this  issue,  Zhou  et 
al describe  an  elegant  mechanism  by 
which  Her2/neu  and  its  target  oncoprotein 
Akt  subvert  the  principal  negative  cell-cycle 
controller  p21Cip,/WAF5  to  enhance  prolifera¬ 
tion  and  survival  of  cancer  cells  (Fig.  1). 

The  cell-survival-promoting  oncopro¬ 
tein  Akt  (also  known  as  protein  kinase  B, 
PKB)  is  abnormally  activated  in  several 
human  malignancies  and  can  suppress 
apoptosis5’6,  although  data  obtained  recently 
from  a  mouse  knockout  model  indicate, 
surprisingly,  that  the  pi  10y  catalytic  subunit 
of  phosphoinositide-3-OH  kinase  (PI(3)K; 
an  upstream  activator  of  Akt)  may  suppress 
colon  tumorigenesis7.  Overexpression  of  the 
Drosophila  Akt  homologue  regulates  cell 
and  organ  size  without  significantly  affect¬ 
ing  cell  number  or  proliferation8.  The  AKT1 
gene  encodes  a  serine/threonine  kinase,  the 
activity  of  which  is  induced  upon  recruit¬ 
ment  to  the  plasma  membrane  and  phos¬ 
phorylation  by  regulatory  kinases9. 
Recruitment  and  activation  of  Akt  requires 


the  presence  of  the  phosphoinositide 
triphosphate  (PI-3,4,5-P).  Increases  in  PI- 
3, 4, 5-P  levels  (in  response  to  PI(3)K  activa¬ 
tion)  and  Akt  kinase  activity  occur  in 
response  to  a  variety  of  growth  and  survival 
signals  including  insulin,  platelet- derived 
growth  factor  (PDGF),  EGFR,  Ras  and 
Her2/neu,  and  the  Akt  signalling  pathway  is 
negatively  regulated  by  the  PTEN  tumour- 
suppressor  lipid  phosphatase8, ,0,n. 
Downstream  targets  of  Akt  kinase  that 
mediate  its  proliferative  and  pro-survival 
effects  include  Bad,  caspase-9,  Forkhead 
and  IkB  kinase-a  in  survival  signalling,  and 
p27  and  GSK3p/cyclin  D1  in  pathways  that 
control  the  cell  cycle9,11. 

Remarkable  progress  has  been  made  in 
determining  how  the  molecular  engine  that 
drives  the  cell  cycle  is  controlled  and  in 
identifying  its  aberrant  function  in  human 
cancer.  In  eukaryotes,  carefully  orchestrated 
cell-cycle  transitions  depend  on  the  ordered 
assembly,  activation  and  activity  of  several 
conserved  cyclin-dependent  kinase  (CDK) 
complexes,  which  phosphorylate  key  sub¬ 
strates  such  as  the  retinoblastoma  protein 
family  in  Gl  phase,  the  origin-recognition 
complex  (ORC)  and  E2F1  in  S  phase,  and 
Cdc25C  in  the  G2/M-phase  transition. 


CDK  function  is  regulated  at  the  levels  of 
cyclin  synthesis,  formation  of  cyclin-CDK 
complexes,  phosphorylation  of  activating 
and  inhibitory  residues  on  the  CDK  kinase, 
and  subcellular  localization  of  cyclin-CDK 
complexes,  and  by  two  families  of  cell-cycle 
inhibitory  proteins  (known  as  CDK 
inhibitors  or  CDKIs;  Table  l)12.  Cyclin-CDK 
complexes  are  the  ultimate  targets  of  several 
cell- cycle  checkpoints  that  ensure  the  main¬ 
tenance  of  genomic  integrity  and  cellular 
good  health13,14.  One  hallmark  of  cancer  cells 
is  the  failure  of  such  checkpoints,  for  exam¬ 
ple  in  response  to  improper  mitotic-spindle 
assembly,  DNA  damage,  starvation  or  onco¬ 
gene  activation;  this  allows  DNA-replication 
errors  and  chromosomal  abnormalities  to 
be  propagated  and  to  accumulate  over  time 
because  of  defective  monitoring  and  repair 
of  the  genetic  material  during  cell  division. 
CDKIs  were  first  identified  in  the  early  1990s 
through  a  convergence  of  work  in  several 
fields,  including  cancer  biology,  cell  cycle 
and  the  genetics  of  cellular  senescence. 
p21QpmvAFi)  the  first  CDki  to  be  identified,  is 
a  transcriptional  target  of  the  p53  tumour 
suppressor  during  the  stress  response  and 
seems  to  be  regulated  by  p53 -independent 
transcription  factors  during  growth  arrest 
associated  with  cellular  differentiation. 
There  is  some  evidence  that  loss  or  haploin- 
sufficiency  of  p21Cipl/WAFl  contributes  to 
checkpoint  defects  as  a  result  of  DNA  dam¬ 
age  or  nucleotide  depletion,  cellular  trans¬ 
formation,  tumorigenesis  or  altered  poten¬ 
tial  for  stem-cell  repopulation15-19. 

A  connection  between  Her2/neu  overex¬ 
pression,  increased  p21Cip,/WAFl  expression, 
and  resistance  of  breast  cancers  to  the 
microtubule-arresting  agent  Taxol  was  pre¬ 
viously  noted  by  Yu  et  al20.  Increased  resist¬ 
ance  to  Taxol  was  reversed  by  antisense  inhi¬ 
bition  of  p21Cipl/WAF1  expression  in  cells  over¬ 
expressing  Her2/neu,  and  Her2/neu  failed  to 
sensitize  p2 1  -null  mouse  embryonic  fibrob¬ 
lasts  to  the  killing  effects  of  Taxol.  The 
authors  proposed  that  the  modest  reduction 
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Figure  1  Oncogene  Her2/neu-initiated,  Akt-mediated  p21c*»,1/WAF1  inactivation  as  a  sup¬ 
pressor  of  tumour  growth  and  the  cell  cycle.  During  normal  cellular  growth,  the 
p2iciPi/wAFi  cdk  inhibitor  is  expressed  at  low  levels  and  aids  assembly  of  growth-promot¬ 
ing  active  cyclin-CDK  complexes.  Under  cellular  stress,  p21cl*,1/WAF1  expression  is 
increased  through  p53-dependent  and  -independent  pathways.  Increased  p21c,pl/WAn  lev¬ 
els  in  the  nucleus  lead  to  inhibition  of  CDKs  through  binding  of  p21c*1'ww:i  to  the  com¬ 
plexes.  Binding  of  p21Cipl/WAFl  to  cyclin-CDK  leads  to  a  conformational  change  in 
CDKs,  and  to  steric  hindrance  of  ATP  binding  to  the  CDK  active  site.  The  C  terminus  of 
p2icJpi/wAFif  containing  its  nuclear  localization  signal  (NLS),  binds  to  and  inhibits  prolifer- 
ating-cell  nuclear  antigen  (PCNA),  thereby  blocking  DNA  replication.  In  many  cancers, 
the  checkpoint  function  of  p21c*p1/ww:i  is  lost  through  mutations  in  its  chief  regulator  dur¬ 
ing  cellular  stress,  p53.  In  cancers  that  overexpress  Her2/neu,  Akt  is  also  activated. 
Zhou  and  colleagues  have  now  identified  p21cl»>1^WAF1  as  an  Akt-interacting  protein  and  a 
substrate  for  phosphorylation  in  Her2/neu-overexpressing  cancers. 


in  Cdc2  kinase  activity  they  observed  in  ing  cells  but  had  no  effect  on  the  greatly 

cells  with  increased  p21CiplAVAF1  levels  led  in  increased  p2  lCiplAVAF*  expression.  These 

part  to  the  survival  of  Taxol-treated  findings  indicate  that  Her2/neu,  through 

Her2/neu- overexpressing  cells.  However,  it  Akt,  must  somehow  inactivate  the  growth- 

remained  unexplained  how  p21c‘p,/WAFI  inhibiting  effect  of  p21c,f,I/WAFl  without 

expression  could  be  greatly  increased  at  the  altering  its  expression.  As  Akt  is  known  to 

same  time  as  an  increase  in  cell  prolifera-  affect  the  subcellular  localization  of  some 

tion  associated  with  oncogene  Her2/neu  proteins,  such  as  the  Forkhead  transcrip- 

overexpression,  in  the  absence  of  Taxol.  tion  factor,  through  phosphorylation,  and 

An  important  clue  in  the  signalling  as  p21c,pl/UAF1  contains  a  potential  AJct  con- 

pathway  downstream  of  Her2/neu  was  sensus  site,  the  authors  investigated 

uncovered  when  Zhou  and  colleagues  whether  p21QplAVAF1  might  be  a  direct  target 

began  investigating  the  contribution  of  Akt  for  Akt  phosphorylation.  They  found  that 

signalling  to  Her2/neu-induced  cell  prolif-  endogenous  Akt  physically  associates  with 

eration.  They  found  that  dominant  negative  endogenous  p2  lCipl/WAF1  and  phosphorylates 

Akt  or  inhibitors  of  PI(3)-kinases  inhibited  it  at  threonine  145,  causing  p21Cipl/WAF1  to  be 

the  proliferation  of  Her2/neu-overexpress-  localized  in  the  cytoplasm. 


To  understand  better  the  role  of 
p2iCipi/wAFi  phosphorylation  in  growth  sup¬ 
pression,  Zhou  and  colleagues  introduced 
alanine  and  aspartate  residues  at  position 
145  of  human  p21.  The  T145A  mutant  of 
p21CiplAVAFl>  unlike  the  wild  type,  effectively 
suppressed  growth  and  DNA  synthesis  in 
NIH  3T3  cells  when  Her2/neu  was  overex¬ 
pressed,  presumably  because  the  mutant 
was  no  longer  regulated  by  the  kinase  activ¬ 
ity  of  Akt.  In  contrast,  the  T145D  mutant 
was  unable  to  suppress  growth  efficiently  or 
to  inhibit  DNA  synthesis  under  any  circum¬ 
stances,  especially  in  the  presence  of  domi¬ 
nant  negative  Akt  —  a  condition  under 
which  wild-type  p21CiplAVAF,  was  effective. 
As  the  authors  predicted,  the  T145A  and 
T145D  mutants  of  p21Cipl/WAF1  were  local¬ 
ized  predominantly  in  the  nucleus  and  the 
cytoplasm,  respectively.  As  an  important 
test  of  whether  the  observed  phosphoryla¬ 
tion  of  p21c'P1/WAFI  might  be  relevant  to 
tumours  derived  from  breast-cancer 
patients,  the  authors  obtained  convincing 
evidence  by  correlating  Her2/neu  overex¬ 
pression  with  Akt  phosphorylation  and 
cytoplasmic  p21Cip]AVAFI  localization  in  ten 
different  tumours.  These  in  vivo  results  add 
further  support  to  the  idea  that  activation 
of  Akt  kinase  downstream  of  Her2/neu 
overexpression  may  be  responsible  for  mis- 
localization  of  p21Cipl/WAF1  to  the  cytoplasm 
and  disruption  of  its  potent  growth- 
inhibiting  activity. 

There  are  potentially  interesting  paral¬ 
lels  between  breast  and  prostate  cancer  in 
terms  of  the  role  of  Her2/neu  and  Akt  sig¬ 
nalling  in  survival  and  hormone-independ¬ 
ent  growth.  In  breast  cancer,  there  is  a  well 
known  reciprocal  relationship  between 
Her2/neu  overexpression,  loss  of  oestrogen- 
receptor  expression  and  poor  prognosis20. 
In  prostate  cancer,  recent  work  has  shown 
that  Akt,  acting  downstream  of  overex¬ 
pressed  Her2/neu,  binds  to  and  phosphory¬ 
lates  the  androgen  receptor,  leading  to 
androgen-independent  growth  and  sur¬ 
vival21.  It  is  possible  that,  in  prostate  cancer, 
activated  AKT  may  also  deregulate  cell- 
cycle  control  and  enhance  survival  after 
cytotoxic  exposure  through  effects  on 

p2J^CiplAVAFI 

The  identification  of  p21CiplAVAFI  as  a  tar¬ 
get  for  Akt  provides  new  insights  and  new 
avenues  for  understanding  cell-cycle  regu¬ 
lation,  and  indicates  potential  strategies  for 
therapeutic  intervention  in  cancer.  It  would 
be  of  interest  to  determine  the  physiological 
or  pathological  circumstances  in  which 
p21Cip,AVAF1  is  phosphorylated  and  what 
impact  this  has  on  its  function.  In  this 
regard,  animal  models  in  which  p21Cip1AVAF1 
has  been  found  to  contribute  to  differentia¬ 
tion  or  tumour  suppression  may  prove  use¬ 
ful  for  investigating  the  effects  of  knock-in 
of  p2iCiP1/WAF'  phosphorylation-site 
mutants.  Studying  how  phosphorylated 
p2iap]/\vAFi  ajcjs  CyCiin_CDK  assembly  may 


E2 


fifi  ©2001  Macmillan  Maga^iH^-iS0  CELL  BIOLOGY|VOL  3|MARCH  2001  |http://cellbio.nature.com 


provide  insights  into  potential  functions  of 
p2  jcipiAVAFi  within  the  cytoplasm.  The  inter¬ 
actions  of  phosphorylated  p21Cir1/WAF1  may 
modulate  cytoplasmic  kinase  activities  that 
influence  the  stress  response  or  cell-death 
pathways.  In  this  regard,  it  would  be  of 
interest  to  test  p21CipmVAF1  mutants  that  are 
localized  to  the  cytoplasm  but  that  are  oth¬ 
erwise  impaired  in  cytoplasmic  interac¬ 
tions;  that  is,  is  the  loss  of  nuclear  localiza¬ 
tion  sufficient  for  the  Her2/neu-overex- 
pression  and  drug-resistance  phenotype,  or 
is  there  also  a  gain-of-function  in  the  cyto¬ 
plasm?  It  would  also  be  of  interest  to  deter¬ 
mine  the  extent  to  which  p21apl/WAF1  phos¬ 
phorylation  is  required  for  Akt  effects  on 
the  cell-cycle,  compared  with  inhibition  of 
cell  death,  given  earlier  reports  of  the  effects 
of  Akt  on  p27KIP1  and  cyclin  D1  in  cell-cycle 
deregulation. 

In  terms  of  therapeutic  intervention, 
small  peptides  may  be  designed  on  the  basis 
of  the  carboxy-terminal  structure  of 
p2jciPi/wAFij  which  may  compete  with 
endogenous  p21QP1AVAFI  for  Akt  binding  and 
phosphorylation,  thus  sending  p21Qr|/WAF1 
back  into  the  nucleus.  Such  strategies  might 
take  advantage  of  the  increased  levels  of 
p2 jcipi/wAFi  jn  Her2/neu-overexpressing 
cells  to  suppress  growth.  Because  increased 
p2iciPi/wAFi  expression  might  be  expected  to 
be  lost  after  treatment  with  Herceptin,  it 
may  be  useful  to  compare  the  cell-cycle- 
inhibiting  and  drug-sensitization  effects  of 
blocking  the  Her2/neu  pathway  proximally, 
with  effects  achieved  by  blocking  specific 
downstream  effectors  of  Akt  signalling.  It 
may  also  be  fruitful  to  investigate  how 
Her2/neu  increases  p21CiP1/WAF1  expression, 
with  the  aim  of  developing  strategies  to 
control  the  cell  cycle  while  blocking  other 
oncogenic  Her2/neu  signals.  It  may  be  pos¬ 
sible  to  bypass  the  effect  of  Akt  on 
p2iCiPi/wAFi  through  the  use  of  small-mole¬ 
cule  CDK  inhibitors.  Knowledge  of  the 
Her2/neu-AKT-p21apl/WAF1  pathway  maybe 
of  use  in  designing  more  effective  cytotoxic 
therapeutic  strategies  for  Her2/neu-overex- 
pressing  or  PTEN-mutated  cancers.  For 
example,  agents  that  induce  DNA  damage 
and  p53-dependent  p21c'P1/WAFI  upregula- 
tion  might  be  used  more  effectively  to  treat 
wild-type  p5 3 -expressing,  Her2/neu-over- 
expressing  cancers  if  p21CiP1/WAF1  were  re¬ 
routed  back  to  the  nucleus.  Another  poten¬ 
tial  strategy  might  involve  screening  for 
agents  that  upregulate  phosphatases  that 
dephosphorylate  p21Cipl/WAF1,  thus  reactivat¬ 
ing  its  nuclear-localization  signal.  It  is  clear 
that  Akt  is  a  focal  point  for  deregulation  in 
cancer  and  can  have  impact  on  cell  prolifer¬ 
ation  and  survival  of  cancer  cells  through  a 
growing  list  of  key  targets  that  now  includes 

p  2 1  Cipl  AVAP 1 
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Most  chemotherapeutic  drugs  kill  cancer  cells  by  inducing  apoptosis,  and  a 
deficiency  in  apoptosis  often  confers  drug  resistance.  Here  we  show  that  adenovirus 
type  5  early  region  1A  (ElA)-mediated  sensitization  to  paclitaxel  (Taxol)-induced 
apoptosis  in  vitro  and  in  vivo  through  modulation  of  the  apoptotic  threshold,  by 
downregulating  Akt  activity  and  upregulating  p38  activity  in  breast  cancer  cells.  The 
same  mechanism  was  observed  using  other  anticancer  drugs,  including  adriamycin  (or 
doxorubicin),  cw-platin,  methotrexate,  and  gemcitabine.  Interestingly,  inactivation  of 
Akt  results  in  activation  of  p38,  and  vice  versa,  suggesting  that  p38  and  Akt  regulate 
each  other.  Moreover,  E1A  enhances  the  expression  of  PP2A/C,  a  catalytic  subunit  for 
an  Akt  phosphatase  complex,  PP2A,  which  may  also  be  involved  in  ElA-mediated 
modulation  of  Akt  and  p38  activities.  Thus,  our  results  support  that  an  interesting 
“feedforward”  regulatory  mechanism  involving  PP2A,  Akt,  and  p38  contributed  to 
ElA-mediated  sensitization  to  chemotherapeutic  drug-induced  apoptosis. 
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Apoptosis  is  a  highly  conserved  and  finely  regulated  process  by  which  cells  commit 
suicide  under  a  variety  of  internal  and  external  controls.  Net  increases  in  apoptosis  could 
result  from  a  decreased  apoptotic  threshold,  enhanced  apoptotic  stimulation,  or  a 
combination  of  these  factors1’3.  Apoptosis  may  also  be  the  principle  mechanism  by  which 
chemotherapy  and  radiation  induce  the  killing  of  tumor  cells,  as  deficiencies  in  apoptosis 
confer  resistance  to  cytotoxic  anticancer  drugs  and  radiation4.  Therefore,  a  novel  strategy  for 
combating  cancer  would  be  to  restore  the  sensitivity  of  cancer  cells  to  apoptosis3,5,6. 

Mounting  evidence  suggests  that  the  expression  of  the  adenovirus  type  5  early  region 
1A  (El  A)  protein  sensitizes  cells  to  apoptosis.  In  primary  mouse  embryo  fibroblasts,  El  A- 
mediated  sensitization  to  apoptosis  induced  by  ionizing  radiation  and  chemotherapeutic 
drugs  has  been  reported  through  a  p5  3 -dependent  and  pl9ARF-dependent  pathway7'9. 
Moreover,  a  p5 3 -independent  mechanism  for  ElA-mediated  chemosensitization  to  the 
anticancer  drugs  etoposide  and  ay-plastin  has  been  demonstrated  in  human  cancer  cell  lines, 
including  Saos-2  osteosarcoma  cells10,11.  So  far,  El  A  has  been  shown  to  mediate 
sensitization  to  a  wide  variety  of  apoptotic  stimuli,  including  serum-starvation,  ultraviolet- 
and  y-radiation,  tumor  necrosis  factor-a,  and  different  categories  of  anticancer  drugs. 
However,  the  molecular  mechanisms  underlying  ElA-mediated  sensitization  to  apoptosis 
have  not  been  completely  defined.  In  addition,  E1A  gene  has  been  introduced  into  cancer 
patients  in  a  few  clinical  trials  (Hung  M.C.,  et  al.,  JCO,  in  press).  Coupling  with  cationic 
liposome,  the  El  A  gene  was  delivered  in  a  plasmid  form  (Hung  M.C.,  et  al.,  JCO,  in  press). 
In  the  clinical  trial  using  Onyx-015  virus  in  which  E1B  gene  was  deleted,  the  virus 
introduced  into  clinical  patients  also  containing  the  El  A  gene.  Encouraging  therapeutic 
results  were  obtained  recently  by  combination  of  Onyx-015  and  chemotherapy  in  the 
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clinical  trials13.  Thus,  it  becomes  clinically  important  to  understand  the  detailed  mechanism 
of  the  El  A-mediated  chemosensitization. 

The  propensity  of  cells  to  trigger  apoptosis  can  be  regulated,  most  notably  by  the 
phosphoinositide  3’ -kinase  (PI3’K)-Akt  cell  survival  pathway  and  the  Jun  N-terminal 
kinase  (JNK)  and  p38  MAP  kinase  proapoptotic  pathways14 15'19.  Moreover,  whether  a 
cell  lives  or  dies  is  largely  dependent  on  the  balance  of  intrinsic  survival  signals  and 
preapoptotic  signals  within  the  cell1,2,6’20.  In  the  present  study,  we  tested  E1A 
transfectants  of  human  breast  cancer  MDA-MB-231  and  MCF-7  cells  for  their 
sensitivities  to  paclitaxel  (Taxol),  an  antimicrotubule  anticancer  agent,  in  vitro  and  in  an 
orthotopic  breast  cancer  model  in  vivo.  We  also  evaluated  the  molecular  mechanisms 
underlying  ElA-mediated  chemosensitization,  with  particular  emphasis  on  the  roles  of 
the  proapoptotic  factor  p38  and  the  key  cell- survival  factor  Akt.  Our  results  indicate  that 
ElA-mediated  sensitization  to  drug-induced  apoptosis  is  achieved  by  modulation  of  the 
apoptotic  potential,  through  an  interesting  “feedforword”  mechanism  involving 
regulation  of  Akt  and  p38  activities. 

El  A  sensitizes  cells  to  Taxol-induced  apoptosis 

Taxol  is  a  promising  frontline  chemotherapeutic  agent  for  treating  breast  and  ovarian 
cancers.  To  test  whether  El  A  could  sensitize  MDA-MB-231  and  MCF-7  cell  lines  to 
Taxol-induced  killing,  we  treated  ElA-expressing  cells  with  0.001  pM  to  0.1  pM  Taxol 
and  performed  MTT  cytotoxicity  assays.  Stable  expression  of  wild-type  El  A  enhanced 
sensitivity  to  Taxol-induced  killing  in  MDA-MB-231  cells  by  more  than  10-fold  when 
compared  with  Taxol-treated  parental  or  vector-transfected  control  cells  (Fig.  la).  Stable 
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expression  of  El  A  also  enhanced  the  sensitivity  of  MCF-7  cells  to  Taxol,  although  to  a 
lesser  extent.  Interestingly,  a  revertant  of  the  MCF-7  clone,  which  lost  its  El  A  expression 
during  cell  culture,  also  lost  its  sensitivity  to  Taxol  (Fig. \b).  Three  additional 
independent  El  A  stable  clones  from  each  cell  line  were  analyzed,  all  of  which  expressed 
high  levels  of  El  A  protein  and  showed  similar  sensitivity  to  Taxol  (data  not  shown). 

To  address  whether  apoptosis  was  involved  in  the  ElA-mediated  sensitization  to 
Taxol,  we  examined  the  presence  of  poly  (ADP-ribose)  polymerase  (PARP)  cleavage  as 
an  apoptotic  cell  death  marker.  We  detected  PARP  cleavage  in  the  ElA-expressing 
MDA-MB-231  (231-E1A)  and  MCF-7  (MCF-7-E1A)  cells  upon  treatment  with  0.1  (iM 
to  0.001  (iM  Taxol.  In  parental  and  vector-transfected  control  cells,  PARP  cleavage  was 
observed  only  upon  treatment  with  0.1  pM  Taxol;  in  the  revertant  MCF-7  cell  clone,  it 
was  not  detected  at  all  (insert,  Fig. la  and  b ).  Flourescence-activated  cell  sorting  (FACS) 
analysis  confirmed  that  E1A  enhanced  Taxol-induced  apoptosis,  demonstrated  by  an 
increased  proportion  of  sub-Gl  phase  cells  in  ElA-expressing  cell  lines  (Fig.  lc).  Taxol 
is  well  known  to  induce  G2/M  arrest  (as  was  observed  in  parental  or  vector-transfected 
cells),  but  we  noticed  that  the  expression  of  El  A  altered  Taxol-induced  G2/M  arrest  by 
an  as  yet  unknown  mechanism.  Thus,  ElA-mediated  sensitization  to  Taxol  was 
correlated  with  ElA-induced  apoptosis. 

E1A  gene  therapy  sensitizes  cells  to  Taxol-induced  antitumor  effect 

To  test  whether  E1A  also  mediated  sensitization  to  Taxol  in  vivo,  we  used  a 
deoxynucleotide  transferase-mediated  dUTP-biotin  nick  end  labeling  (TUNEL)  assay  to 
compare  Taxol-induced  apoptosis  in  tumor  tissues  obtained  from  animals  inoculated  with 
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231 -El  A  cells  with  those  from  animals  inoculated  with  vector-transfected  control  (231- 
Vect)  cells.  Taxol-treated  231-ElAtumor  tissues  had  a  significantly  higher  percentage  of 
TUNEL-positive  cells  than  did  Taxol-treated  231-Vect  tumor  tissues  or  control  saline- 
treated  tumors  (Fig.  2 a  and  b ).  We  then  evaluated  tumor  size.  In  the  absence  of  Taxol,  the 
mean  tumor  volume  in  El  A-inoculated  animals  was  significantly  lower  than  that  in  the 
control  231-Vect-inoculated  animals  (P  <  0.01).  The  presence  of  Taxol,  however, 
produced  dramatical  tumor  regression  in  231 -El  A  tumors,  the  231 -El  A  tumor  volume 
was  just  21.7%  of  that  of  the  control  saline-treated  231 -El  A  group  (Fig.  2c).  When 
comparing  tumors  in  Taxol  treated  231-Vect  inoculated  animals  with  those  in  the  Taxol 
treated  23 1-El  A  group,  the  23 1-El  A  group  was  more  sensitive  to  Taxol  ( P  <  0.01). 

To  explore  whether  E1A  could  directly  enhance  Taxol-induced  killing  in  vivo,  we 
designed  systemic  El  A  gene  therapy  experiments  in  mice  by  intravenous  (i.v.)  injection 
of  the  El  A  gene  via  the  mouse  tail  vein.  We  compared  the  therapeutic  effects  of  El  A 
gene  therapy  with  and  without  Taxol  chemotherapy  in  our  established  orthotopic  tumor 
model  of  animals  inoculated  with  MDA-MB-231  cells.  We  used  SN-liposome  as  our 
gene-delivery  system  because  of  its  relatively  high  efficiency  in  vivo  (to  be  addressed 
somewhere  else).  Compared  with  control  SN-liposome  treatment,  six  weeks  of  i.v. 
administration  of  liposome-ElA  or  intraperitoneal  (i.p.)  injection  of  Taxol  alone 
repressed  tumor  growth  during  the  12-week  observation  period  (P  <  0.01).  Compared 
with  treatment  of  El  A-liposome  or  Taxol  alone,  a  combination  of  El  A  gene  therapy  and 
Taxol  chemotherapy  produced  significantly  enhanced  therapeutic  efficacy  and 
dramatically  repressed  tumor  growth  (P  <  0.01)  (Fig.  2d).  Tumors  were  completely 
eradicated  in  four  out  of  seven  mice  treated  with  combination  therapy.  In  addition, 
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survival  rates  were  significantly  higher  in  animals  treated  with  combination  therapy  than 
in  those  treated  with  SN-liposome  alone,  liposome-ElA,  or  Taxol  (Fig.  2e).  Three  out  of 
seven  animals  treated  with  combination  therapy  achieved  over  one  year’s  tumor-free 
survival.  Our  data  showed  that  expression  of  E1A  significantly  enhanced  both 
chemosensitivity  and  an  antitumor  effect  induced  by  Taxol  and  prolonged  animal  survival 
rates  in  our  in  vivo  model. 

El  A  upregulates  p38  activity  and  downregulates  Akt  activity 

To  examine  whether  apoptosis-related  molecules  were  involved  in  ElA-mediated 
sensitization  to  Taxol,  we  examined  the  phosphorylation  status  of  p38,  Akt,  and  JNK  in 
231-E1A  and  MCF-7-E1A  cells  versus  vector-transfected  cells.  We  detected 
phosphorylated  p38  in  cells  stably  expressing  El  A  but  not  in  vector-transfected  cells. 
However,  the  level  of  phosphorylated  Akt  was  much  higher  in  vector-transfected  cells 
than  in  ElA-expressing  cells.  The  levels  of  total  Akt  and  p38  were  similar  in  both  types 
of  cells  (Fig.  3 a).  Kinase  assays  showed  that  p38  activity  was  higher  and  Akt  activity  was 
lower  in  231-E1A  cells  than  in  231-Vect  cells  (Fig.  3b).  We  did  not  detect  any  differences 
in  the  phosphorylation  levels  of  JNK  in  ElA-expressing  cells  and  vector-transfected  cells 
(data  not  shown).  These  results  indicated  that  El  A  enhanced  p38  activity  and  repressed 
Akt  activity  but  did  not  affect  JNK  phosphorylation. 

Taxol-induced  PARP  cleavage  and  Bcl-2  phosphorylation  kinetically  correlate  with 
decreased  Akt  phosphorylation  and  increased  p38  phosphorylation 

To  test  whether  alteration  of  the  kinase  activity  of  Akt  or  p38  played  a  role  in  El  A- 
mediated  sensititization  to  Taxol-induced  apoptosis,  we  examined  correlations  between 
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levels  of  phosphorylated  Akt  and  p38  and  Taxol-induced  apoptosis  in  23 1-El  A  cells, 
using  PARP  cleavage  and  Bcl-2  phosphorylation  as  apoptotic  cell  death  markers.  PARP 
cleavage  and  Bcl-2  phosphorylation  were  detected  after  4  hours  exposure  to  0.01  pM 
Taxol  but  became  more  obvious  after  12  hours  (Fig.  3c).  Similar  kinetics  was  observed 
for  phosphorylation  of  p38  and  dephosphorylation  of  Akt,  after  p38  and  Akt  protein 
levels  were  normalized  (Fig.  3c).  The  same  concentration  of  Taxol  (0.01  pM)  did  not 
trigger  PARP  cleavage,  induce  Bcl-2  phosphorylation,  or  remarkably  modulate  the  levels 
of  phosphorylated  p38  and  Akt  in  parental  MDA-MB-231  cells;  a  higher  concentration  (> 
0.1  |lM)  was  required  (Fig.3g).  Thus,  PARP  cleavage  and  Bcl-2  phosphorylation 
correlated  well  with  decreased  Akt  phosphorylation  and  increased  p38  phosphorylation. 

Bax,  p53,  JNK,  and  Erk  have  also  been  reported  to  be  involved  in  Taxol-induced 
apoptosis.  We  therefore  monitored  their  protein  levels  in  231 -El  A  cells  after  treatment 
with  Taxol.  The  protein  levels  of  p53,  Bax  were  not  significantly  changed  after  treatment 
(Fig.  3  c),  but  JNK  phosphorylation  transiently  increased  between  30  minutes  and  6  hours 
after  exposure  to  0.01  |iM  Taxol  and  returned  to  undetectable  levels  when  PARP 
cleavage  and  Bcl-2  phosphorylation  became  obvious  (after  12  h)  (Fig.  3d).  A  similar 
pattern  was  observed  for  Erkl/2  (Fig.  3d  and  f).  Our  data  suggested  that  downregulation 
of  Akt  phosphorylation  and  upregulation  of  p38  phosphorylation,  but  not  phosphorylation 
of  JNK  and  Erk,  were  involved  in  ElA-mediated  sensitization  to  Taxol-induced 
apoptosis. 

Inactivating  Akt  and  activating  p38  are  required  for  ElA-mediated  sensitization  to 
Taxol-induced  apoptosis 
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To  test  the  role  that  downregulation  of  Akt  activity  played  in  El  A-mediated  sensitization 
to  Taxol,  an  HA-tagged,  myristylated,  and  membrane-targeted  constitutively  active  Akt 
construct  (CA-Akt)  and  a  pcDNA3-luciferase  (Luc)  reporter  construct  were  cotransfected 
into  231 -El  A  cells.  Expression  of  CA-Akt  was  detected  by  an  anti -HA  monoclonal 
antibody.  The  level  of  phosphorylated  Akt  was  increased  in  CA-Akt-transfected  231 -El  A 
cells,  regardless  of  whether  they  were  exposed  to  Taxol  (Fig.  4a).  Luciferase  activity, 
which  represented  viable  cells,  was  significantly  higher  in  cells  transfected  with  CA-Akt 
than  in  control  231-E1A  cells  after  exposure  to  Taxol  (Fig.  4b).  FACS  analysis  showed 
that  after  exposure  to  0.01  |iiM  Taxol,  less  apoptotic  cells  were  detected  in  CA-Akt- 
transfected  cells  (15.9%)  than  in  control  231-E1A  cells  (25.5%)  (bottom,  Fig.46).  Thus, 
inhibition  of  Akt  phosphorylation  was  required  for  El  A-mediated  sensitization  to  Taxol- 
induced  apoptosis. 

To  evaluate  whether  activation  of  p38  was  also  required  for  El  A-mediated 
sensitization  to  Taxol,  the  specific  p38  inhibitor  SB203580  was  used  to  block  p38  activity 
in  231-El  A  cells.  Pretreatment  with  20  (iM  SB203580  for  30  minutes  prior  to  and  during 
exposure  to  0.01  |lM  Taxol  inhibited  the  phosphorylation  of  p38  (Fig.  4a).  In  contrast,  in 
the  absence  of  SB203580,  the  level  of  phosphorylated  p38  increased  after  exposure  to 
Taxol  for  4  hours  (Fig.  4 a  and  b).  We  then  transfected  pcDNA3-luciferase  reporter  genes 
into  231 -El  A  cells.  In  the  absence  of  SB203580,  the  luciferase  activity  in  Taxol-treated 
cells  decreased  to  38%  of  that  of  untreated  control  cells;  when  cells  were  pretreated  with 
SB203580,  the  luciferase  activity  increased  (Fig.  4a).  FACS  analysis  also  showed  that 
pretreatment  with  SB203580  protected  231 -El  A  cells  from  apoptosis,  whether  or  not  they 
were  exposed  to  Taxol.  (from  4.9%  to  1.0%  without  Taxol  and  25.5%  to  10.0%  in  the 
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presence  of  Taxol)  (bottom,  Fig.  4a).  These  data  suggested  that  phosphorylation  of  p38 
was  required  for  ElA-mediated  sensitization  to  Taxol-induced  apoptosis. 

To  further  define  the  role  of  p38  in  ElA-mediated  sensitization  to  Taxol,  IPTG- 
inducible,  Flag-tagged,  dominant-negative  p38  (DN-p38)  stable  cell  clones  were 
established  in  231 -El A  cells.  When  cells  were  switched  to  medium  containing  5  (iM 
IPTG,  expression  of  Flag-tagged  DN-p38  was  induced  (Fig.  4c),  and  the  level  of 
phosphorylated  Akt  increased.  When  the  cells  were  exposed  to  either  0.01  |lM  or  0.1  jlM 
Taxol,  the  level  of  phosphorylated  Akt  remarkably  decreased  in  the  absence  of  IPTG;  in 
the  presence  of  IPTG,  neither  dose  of  Taxol  noticeably  affected  the  level  of 
phosphorylated  Akt.  Moreover,  this  effect  was  not  due  to  the  IPTG  itself,  because  when 
parental  ElA-expressing  cells  were  exposed  to  the  same  dose  and  duration  of  IPTG,  the 
level  of  phosphorylated  Akt  was  not  affected.  FACS  analysis  showed  that  the  percentage 
of  IPTG-induced  DN-p38  expressing  cells  that  were  undergoing  apoptosis  was 
dramatically  lower  than  in  cells  without  IPTG  induction  (Fig.  4c).  Essentially  identical 
results  were  obtained  when  two  additional  stable  clones  were  studied  (data  not  shown). 
These  results  further  supported  that  upregulation  of  p38  activity  and  downregulation  of 
Akt  activity  were  required  for  ElA-mediated  sensitization  to  Taxol  cytotoxicity  and  that 
blocking  p38  activity  also  inhibited  this  sensitization. 

To  test  whether  blocking  Akt  activity  enhanced  the  sensitivity  to  Taxol,  both 
biochemical  and  genetic  approaches  were  employed  to  block  Akt.  First,  we  found  that  0.1 
(iM  Wortmannin  completely  blocked  Akt  phosphorylation,  whether  or  not  cells  were 
exposued  to  Taxol  (Fig.  4 d).  Correspondingly,  luciferase  activity  in  the  Wortmannin- 
treated  cells  decreased  more  than  20%  after  exposure  to  0.01  |iM  Taxol,  compared  with 
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parental  cells  that  were  not  treated  with  Wortmannin  (Fig.  4e).  FACS  analysis  showed 
that  a  higher  percentage  of  Wortmannin-treated  cells  than  of  control  cells  were 
undergoing  apoptosis  (bottom,  Fig.  4e).  When  a  dominant-negative  Akt  construct  (DN- 
Akt)  and  a  pcDNA3-luciferase  reporter  were  transiently  cotransfected  into  MDA-MB- 
231  cells,  similar  results  were  obtained;  both  the  level  of  phosphorylated  Akt  and 
luciferase  activity  decreased  after  exposure  to  Taxol  (Fig.  4e ).  FACS  analysis  showed 
that  after  exxposure  to  Taxol,  the  percentage  of  DN- Akt- transfected  cells  undergoing 
apooptosis  increased  8.4%,  while  the  percentage  of  apoptotic  parental  231  cells  increased 
only  1 .4%  (bottom,  Fig.  4e). 

To  enhance  p38  activity,  a  hemeaglutamin  (HA)-tagged  p38  construct  (HA-p38)  and 
the  pcDNA3-luciferase  reporter  gene  were  transiently  cotransfected  into  MDA-MB-231 
cells.  After  exposure  to  0.01  (iM  Taxol  for  4  hours,  the  level  of  phosphorylated  p38 
increased,  while  luciferase  activity  decreased  (Fig.  4 f).  FACS  analysis  showed  that  the 
percentage  of  apoptotic  HA-p38-transfected  cells  reached  nearly  15%  after  exposure  to 
0.01  |iM  Taxol  for  24  hours  (bottom.  Fig.  4 f).  Our  results  indicated  that  increasing  p38 
activity  or  blocking  Akt  activity  was  sufficient  to  enhance  the  sensitivity  of  MD A-MB- 
23 1  cells  to  Taxol-induced  apoptosis. 

The  same  mechanism  for  ElA-mediated  sensitization  to  Taxol-induced  apoptosis 
applies  to  apoptosis  induced  by  different  categories  of  anticancer  drugs 

To  determine  whether  the  same  mechanism  for  ElA-mediated  sensitization  to  Taxol 
applied  to  other  anticancer  drugs,  we  tested  the  effects  of  four  additional  drugs  that  were 
currently  used  in  clinical  treatment  of  human  cancer:  doxorubicin  (or  adriamycin, 
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topoisomerase  II  inhibitor),  cis-platin  (DNA-damaging  agent),  methotrexate  ( 
antimetabolite  drug),  and  gemcitabine  (antimetabolite  drug).  Expression  of  El  A 
significantly  enhanced  each  drug’s  cytotoxicity  in  MDA-MB-231  cells  as  determined  by 
MTT  assay  (Fig.  5a).  In  addition,  PARP  cleavage  was  observed  in  23 1-El  A  cells  but  not 
in  231-Vect  control  cells  treated  with  each  of  the  drug.  Downregulation  of  Akt 
phosphorylation  and  upregulation  of  p38  phosphorylation  were  also  detected  in  E1A- 
expressing  cells  after  24  hours  of  exposure  to  each  drug  (Fig.  5b).  Therefore, 
downregulating  Akt  activity  and  upregulating  p38  activity  may  be  a  general  mechanism 
for  El  A-mediated  sensitization  to  chemotherapeutic  drug-induced  apoptosis. 

A  “feedforward”  mechanism  may  account  for  El  A-mediated  chemosensitization. 

To  test  whether  a  physiological  association  existed  between  p38  and  Akt 
phosphorylation,  MDA-MB-231  or  231 -El A  cells  were  treated  with  Wortmannin  (0.1 
|iM)  or  SB203580  (20  |iM),  respectively.  Cells  were  harvested  at  4,  8,  16,  and  24  hours. 
The  levels  of  phosphorylated  p38  and  Akt  were  examined  in  parallel.  When  the  level  of 
phosphorylated  p38  decreased,  the  level  of  phosphorylated  Akt  increased  (at  8  h). 
Likewise,  when  Akt  phosphorylation  was  blocked,  the  level  of  phosphorylated  p38 
dramatically  increased  (at  4  h)  (Fig.  6a). 

To  determine  whether  Akt  physically  associated  with  p38,  CA-Akt  was 
transiently  transfected  into  both  MDA-MB-23 1  and  293T  cells;  and  the  cells  were  lysed 
about  30  hours  after  transfection.  We  did  not  detect  p38  in  immunoprecipitated  Akt 
samples  (Fig.  6b)  nor  Akt  in  immunoprecipitated  p38  samples  (data  not  shown), 
suggesting  Akt  and  p38  did  not  directly  associate  under  the  conditions  we  used.  Since 
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ASK1  is  an  upstream  kinase  that  can  phosphorylate  p3821,22,  we  tested  whether  it  could 
directly  bind  Akt  and  inactivate  by  Akt  (because  there  is  a  concensus  Akt 
phosphorylation  site  in  the  ASK1  protein  sequence).  Our  result  showed  ASK1  was 
immunoprecipitated  with  Akt  (Fig.  6b)  and  an  interaction  between  these  two  proteins  was 
recently  confirmed23. 

We  next  asked  by  what  mechanism  El  A  affected  Akt  or  p38  phosphorylation.  Since 
El  A’s  ability  to  regulate  the  expression  of  certain  genes  through  transcription-dependent 
or  transcription-independent  mechanisms  has  been  well  documented24,25  and  since  the 
serine/threonine  phosphatase  PP2A  directly  dephosphorylates  Akt26,  we  tested  whether 
PP2A  expression  was  affected  by  El  A  expression.  Although  the  regulatory  subunit  of 
PP2A,  PP2A/A,  showed  no  significant  change  in  ElA-expressing  cells,  we  did  detect  a 
notable  enhancement  in  expression  of  its  catalytic  subunit,  PP2A/C  (Fig.  6c).  Therefore,  a 
“feedforward”  mechanism  may  account  for  ElA-mediated  regulation  of  p38  and  Akt 
activities  (Fig.  6d).  That  is,  by  upregulation  of  PP2A/C,  El  A  could  repress  Akt  activity 
and  released  ASK1  activity,  which  would  results  in  p38  activation.  Since  p38  is  know  to 
directly  activate  PP2A  enzyme27  and  transcriptionally  activate  the  expression  of  Fas 
ligand  (FasL)28,  its  activation  would  further  amplify  the  proapoptotic  signals. 

Discussion 

In  the  present  report,  we  showed  for  the  first  time  that  El  A  sensitizes  breast  cancer  cells 
to  Taxol-induced  apoptosis  in  vitro  and  enhances  Taxol-induced  anti-tumor  effects  in 
vivo  through  modulation  of  the  apoptotic  threshold,  by  downregulating  Akt  activity  and 
upregulating  p38  activity.  Blocking  p38  activity  or  introducing  constitutively  active  Akt 
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into  ElA-expressing  cells  blocked  ElA’s  ability  to  sensitize  cells  to  Taxol-induced 
cytotoxicity.  Moreover,  introducing  p38  or  blocking  Akt  activity  enhanced  sensitivity  to 
Taxol-induced  apoptosis  in  parental  cells.  The  same  mechanism  was  observed  for  E1A- 
mediated  sensitization  to  other  four  different  anticancer  drugs.  Furthermore,  the  in  vivo 
synergistic  effect  we  showed  between  El  A  gene  therapy  and  Taxol  treatment  suggested 
that  El  A  gene  therapy  might  represent  a  novel  and  unique  strategy  for  enhancing  the 
chemosensitivity  of  tumor  cells. 

Several  groups  have  reported  that  El  A-mediated  chemosensitization  can  be  achieved 
with  various  chemotherapeutic  agents  in  other  cell  lines,  although  the  underlying 
mechanisms  are  not  very  clear10,29.  One  of  the  well  defined  mechanisms  by  which  El  A 
sensitizes  cells  to  undergo  apoptosis  is  by  inducing  expression  of  ARF,  a  protein  that  is 
required  for  p53  induction  and  stabilization9,30.  However,  this  mechanism  is  not 
applicable  to  MDA-MB-231  (p53del,  ARF+)  and  MCF-7  (p53  wt,  ARF  deI)  cells.  Another 
mechanism  reportedly  involved  in  El  A-mediated  chemosensitization  is  ElA-induced 
expression  of  the  proapoptotic  factor  Bax31.  In  our  system,  El  A  expression  or  treatment 
with  Taxol  did  not  affect  the  abundance  of  Bax,  although  we  did  not  test  whether  El  A 
expression  affected  Bax  translocation.  Duelli  et  al.32  have  recently  shown  that  El  A  also 
facilitates  cytochrome  c  release  from  the  mitochondria,  which  contributes  to  E1A- 
mediated  sensitization  to  anticancer  drugs.  However,  the  mechanism  by  which  E1A 
facilitates  cytochrome  c  release  is  unclear. 

Akt  is  known  to  play  an  important  role  in  maintaining  mitochondria  integrity  and 
inhibiting  the  release  of  cytochrome  c18,33;  thus,  overexpression  of  Akt  confers  resistance 
to  Taxol  by  inhibiting  Taxol-induced  cytochrome  c  release34.  Akt  also  negatively 
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regulates  FasL  transcription  and  translation  by  phosphorylating  members  of  the  Forkhead 
protein  family14.  Therefore,  when  E1A  downregulates  Akt  activity,  it  may  alter 
mitochondrial  potential,  thus  facilitating  the  release  of  cytochrome  c  and  the  transcription 
of  FasL  in  response  to  Taxol.  In  other  words,  Akt  is  likely  one  of  the  inhibitors  of 
apoptosis  that  is  inactivated  by  El  A. 

E1A  may  upregulate  the  PP2A  catalytic  subunit  to  inhibit  Akt  activity  by 
dephosphorylating  Akt35.  Since  ASK1,  the  upstream  kinase  of  p38,  can  be  inactivated 
through  phosphorylation  by  Akt23,  p38  phosphorylation  and  activity  may  also  be 
increased  due  to  PP2A-mediated  dephosphorylation  of  Akt.  Moreover,  Westermarck  et 
al.  36  have  reported  that  p38  directly  enhances  PP2A  activity.  Therefore,  we  propose  a 
feedforward  model  for  the  regulation  of  the  p38  and  Akt  pathways  in  ElA-expressing 
cells  (Fig.  6 d).  Through  this  feedforward  regulation,  ElA-mediated  upregulation  of  p38 
activity  and  downregulation  of  Akt  activity  would  be  greatly  amplified.  Since  FasL 
transcriptional  activation  has  been  shown  to  be  dependent  on  p3828,  and  p38  is  also 
involved  in  regulation  of  cyrochrome  c  release37.  By  modulating  the  apoptotic  potential 
of  cells  through  regulation  of  Akt  and  p38  activities,  El  A  expression  may  facilitate  the 
release  of  cytochrome  c  and  the  expression  of  FasL  upon  treatment  with 
chemotherapeutic  drugs,  such  as  Taxol.  Thus,  in  ElA-expressing  cells,  a  relatively  low 
concentration  of  drug  would  be  sufficient  to  trigger  apoptosis,  regardless  of  the  drug’s 
primary  target. 

The  synergistic  effect  we  obtained  in  vivo  by  combining  Taxol  chemotherapy  and 
El  A  gene  therapy  further  suggests  that  through  ElA-mediated  modulation  of  the 
apoptotic  threshold,  the  therapeutic  effect  of  Taxol  is  significantly  enhanced.  A  plasma 
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concentration  of  5  (iM  to  10  (iM  Taxol  can  be  achieved  after  bolus  infusion  of  Taxol,  but 
it  rapidly  falls  to  a  level  of  several  hundred  nanomolar  or  less38.  Our  in  vitro  experiments 
showed  that  10  nM  Taxol  was  also  sufficient  to  induce  apoptosis  in  ElA-expressing  cells 
but  not  in  parental  cells.  This  indicates  that  clinically  relevant  concentrations  (~200  nM) 
of  Taxol  are  sufficient  to  kill  most  ElA-expressing  cells,  but  parental  cells  require  much 
higher  doses,  which  may  not  be  clinically  achievable38.  As  MDA-MB-231  and  MCF-7 
cells  express  low  levels  of  Her-2/neu,  they  are  relatively  sensitive  to  Taxol.  However,  we 
have  previously  shown  that  El  A  can  also  mediate  sensitivity  to  Taxol-induced  apoptosis 
in  Her-2/neu-overexpressing  breast  and  ovarian  cancer  cells  by  repressing  Her-2/neu 
expression,  although  the  required  doses  are  much  higher  than  those  required  for 
sensitizing  MDA-MB-231  and  MCF-7  cells39'41.  Recently,  a  phase  II  clinical  trial  of 
QNXY-015.  an  adenovirus  mutant  that  retains  wild-type  El  A,  in  combination  with 
chemotherapeutic  drugs  showed  a  promising  synergistic  effect  against  head  and  neck 
cancer13.  This  supports  our  data  that  El  A  gene  therapy  may  represent  a  novel  and  unique 
way  to  enhance  the  chemosensitivity  of  tumor  cells.  Thus,  El  A  provides  a  promising 
opportunity  to  fight  human  breast  cancer  and  other  solid  tumors  when  used  as  an  adjuvant  to 
chemotherapeutic  drugs. 

Materials  &  Methods 

Cell  lines  and  cultures 

HEK-293T  cells  and  human  breast  cancer  MDA-MB-231  and  MCF-7  cells  were  grown  in 
Dulbecco's  modified  Eagle's  medium/F-12  (Life  Technologies  Inc.,  Rockville, 
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Marryland)  supplemented  with  10%  fetal  bovine  serum.  The  stable  ElA-expressing  cell 
lines  were  established  as  previously  described42. 

MTT  assay 

The  metabolic  conversion  of  tetrazolium  salt  (MTT)  to  formazan  was  used  to  indirectly 
measure  the  number  of  viable  cells  after  exposure  to  Taxol.  Cells  (3  x  103/well)  were 
seeded  in  triplicate  in  96-well  culture  plates  in  0.2  ml  of  culture  medium  and  allowed  to 
adhere  for  24  h.  After  exposure  to  Taxol  for  indicated  time  periods,  20  pi  of  MTT  was 
added  to  each  well.  Cells  were  cultured  for  an  additional  2  h,  and  1 00  pi  of  extraction 
buffer  (20%  SDS  in  50%  A(A-dimethyl  formamide,pH  4.7)  was  added  to  the  culture 
medium.  The  cells  were  incubated  overnight  at  37  °C,  and  the  plate  absorbency  was 
measured  at  570  nm. 

Propidium  iodide  staining  and  FACS  analysis 

Samples  of  2  x  106  cells  were  collected,  washed  once  with  phosphate-buffered  saline 
(PBS),  and  fixed  with  70%  ice-cold  ethanol  overnight.  After  fixation,  cells  were  washed 
with  PBS  to  remove  residual  ethanol,  pelleted,  and  resuspended  in  PBS  containing  5  0 
pg/ml  of  propidium  iodide  (Sigma,  St.  Louis,  Washington).  The  staining  was  performed 
at  4  °C  for  at  least  30  min,  and  samples  were  analyzed  using  aFACScan  (Becton- 
Dickinson,  San  Jose,  California)  in  the  core  facility  at  The  University  of  Texas  M.  D. 
Anderson  Cancer  Center. 

Transient  transfection  and  luciferase  assay 

Expression  vectors  for  HA-p38,  CA-Akt  or  DN-Akt,  and  cytomegalovirus  (CMV) 
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promoter-luciferase  (pCMY-Luc)  were  used  in  this  study.  lxlO5  cells  in  a  60-mm  well 
dish  were  transfected  with  2.2  pg  of  total  DNA  using  DC-Chol  cationic  liposome  as 
described  previously40.  After  growing  for  another  48  h,  the  cells  were  split  into  three  sets; 
one  set  was  used  for  a  luciferase  assay  after  exposure  with  or  without  Taxol  for  24  h, 
another  was  for  analysis  of  Akt  and  p38  protein  expression,  and  the  third  was  sent  for 
FACS  analysis.  The  percentage  of  Taxol-treated  cells  that  exhibited  luciferase  activity 
was  normalized  using  the  luciferase  activity  of  untreated  cells  as  base  line  (100%). 
Standard  deviations  were  calculated  from  three  independent  experiments. 

Preparation  of  cell  lysates,  western  blot  analysis,  and  antibodies 

Cells  were  washed  once  with  PBS  and  lysed  in  a  lysis  buffer  containing  20  mM  Tris-HCl 
(pH  7.5),  150  mM  NaCl,  5  mM  EDTA,  10  mM  NaF,  1%  Nonidet  P-40,  1  mM 
phenylmethylsulfonyl  fluoride  (PMSF),  1  mM  sodium  orthovanadate  (NaV03),  and  1.5% 
aprotinin.  The  cell  extracts  were  clarified  by  centrifugation,  and  protein  concentration 
were  determined  using  a  Bio-Rad  (Hercules,  California)  protein  assay  reagent  and 
analyzed  in  a  spectrophotometer  using  bovine  serum  album  (Sigma,  St.  Louis, 
Washington)  as  the  protein  standard.  Aliquots  of  protein  were  resolved  by  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and  transferred  to 
nitrocellulose  membranes  (Millipore  Corp.,  Bedford,  Massachusetts)  using  standard 
procedures.  The  membranes  were  then  subjected  to  western  blotting,  and  the  blots  were 
developed  with  the  enhanced  chemiluminescence  system  (Amersham  Pharmacia  Biotech 
Inc.  Piscataway,  New  Jersey). 

The  monoclonal  antibody  usaed  against  the  El  A  proteins  was  M58  (PharMingen, 
San  Diego,  Carlifornia).  Rabbit  polyclonal  anti-Bax  antibodies,  a  hamster  antihuman 
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Bcl-2  monoclonal  antibody,  mouse  antihuman  phospho-Erk  and  phospho-JNK 
monoclonal  antibodies,  and  rabbit  polyclonal  anti  -  ASK  1  (H-300)  antibodies  were 
purchased  from  Santa  Cruz  Biotechnology,  Inc.  (Santa  Cruz,  California).  Mouse 
monoclonal  antiactin  and  anti-PARP  antibodies  were  obtained  from  Amersham 
Pharmacia  Biotech  (Piscataway,  New  Jersey).  Rabbit  anti-human  PP2A/A  and  PP2A/c 
were  purchased  from  CalBiochem  (La  Jolla,  California).  Rabbit  polyclonal  antibodies 
against  phospho-p38  (p38-p),  phospho-Akt  (Akt-p),  total  p38  and  total  Akt,  and  the  large 
fragment  of  cleaved  PARP  (APARP)  were  from  New  England  BioLabs  (NEB,  Beverly, 
Massachusetts).  To  detect  HA-tagged  p38  and  Akt,  a  monoclonal  anti-HA  antibody  was 
used  (Boerhinger  Mannheim,  Indianopolis,  Indiana).  A  monoclonal  anti-FLAG  antibody 
(M2)  was  purchased  from  Sigma  (St.  Louis,  Washington). 

Immunoprecipatation 

After  transient  transfection  with  HA-tagged  p38  or  CA-Akt,  cells  were  stimulated  with 
10  |iM  insulin  for  15  min.  Cell  extracts  were  prepared  by  lysing  cells  in  a  buffer 
containing  50  mM  HEPES  (pH  7.6),  150  mM  NaCl,  10  raM  EDTA,  2  mM  NaV03,  100 
mM  NaF,  0.5  mM  PMSF,  1  mM  aprotinin,  and  1%  triton  X-100  for  15  min  at  4  °C.  Cell 
lysates  were  centrifuged  at  14,000  rpm  for  30  min.  The  supernatants  were  then 
transferred  to  a  fresh  tube.  Proteins  were  cleared  by  addition  of  normal  mouse  or  rabbit 
IgG  and  immuoprecipitated  with  anti-p38,  anti-Akt,  or  anti-HA  antibodies. 
Immunoprecipitants  were  resolved  on  10%  SDS-PAGE  and  transferred  to  nitrocellulose 
membranes.  Akt,  p38,  and  ASK1  were  detected  by  western  blotting. 
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Kinase  assay 

Nonradioactive  kinase  assay  kits  for  p38  and  Akt  were  purchased  from  Cell  Signaling  of 
New  England  BioLabs,  Inc.  (Beverly,  Massachusetts).  The  p38  and  Akt  kinase  activities 
were  measured  according  to  the  manufacturer’s  protocol,  using  GST-ATF-2  as  the 
substrate  for  p38  and  GST-GSK-3-(3  as  the  substrate  for  Akt. 

Establishment  of  IPTG-inducible  DN-p38  stable  cell  lines 

One  of  ElA-expressing  MDA-MB-231  clones  was  cotransfected  with  an  IPTG-inducible 
DN-p38  construct  (a  kind  gift  from  Philipp  E.  Schere,  Department  of  Cell  Biology, 
Albert  Einstein  College  of  Medicine)  and  plasmid  pCMVLacI  (Stratagene,  La  Jolla, 
California).  Stable  clones  were  selected  in  the  presence  of  200  |ig/ml  hygromycin. 

Establishment  of  orthotopic  breast  cancer  model  and  systematic  El  A  gene  therapyin 
nude  mice. 

MDA-MB-231  cells  (1  x  10  6  cells/0.1  ml)  or  231-E1A  cells  (2  x  106  cells/0.1  ml)  were 
subcutaneously  injected  into  the  mammary  fat  pad  (m.f.p.)  of  female,  athymic,  6-8  weeks 
old  nu/nu  mice  (Charles  River  Lab.).  Tumors  were  allowed  to  develop  for  21  days  and 
mice  were  then  randomly  grouped  and  treated  with  SN-liposome  alone  (SN,  i.v.),  Taxol 
alone  (i.p.,  10  mg/kg/injection,  once  a  week  for  6  weeks),  E1A  alone  (i.v.,  15 
pg/mouse/injection,  injection  into  mouse  tail  vein  twice  a  week  for  6  weeks),  or  El  A  (i.v. , 
15|ig/mouse/injection)  plus  Taxol  (i.p. ,  10  mg/kg/injection,  24  hours  after  E1A  injection, 
for  6  weeks).  Both  maximum  and  minimum  diameters  of  the  resulting  tumors  were 
measured  twice  a  week  using  a  slide  caliper.  Tumor  volumes  were  calculated  by 
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assuming  a  spherical  shape  and  using  the  formula,  volume  =  4/3r3,  where  r  =  1/2  of  the 
mean  tumor  diameter  measured  in  two  dimensions.  Mice  were  sacrificed  when  their 
tumors  were  larger  than  2  cm  in  diameter. 

In  vivo  apoptotic  (TUNEL)  assay 

For  histological  study,  tumors  were  fixed  in  10%  formalin  and  embedded  in  paraffin 
blocks.  Paraffin-embedded  sections  were  then  pretreated  with  dewax  and  rehydrated. 
They  were  washed  in  xylene  and  rehydrated  through  a  graded  series  of  ethanol  and 
redistilled  water.  Tissue  sections  were  incubated  with  proteinase  K  (20  |!g/ml  in  10  mM 
Tris/HCl,  pH  7.4  to  8.0,  for  15  min  at  37°C),  permeabilized  in  0.1%  Triton-X-100  in 
0.1%  sodium  citrate,  and  then  labeled  with  the  TUNEL  reaction  mixture  (Boehringer 
Mannheim,  Indianopolis,  Indiana)  according  to  the  manufacturer’s  protocol. 
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Figure  Ligands 

Fig.  1  El  A  sensitization  to  Taxol-induced  apoptosis  correlates  with  PARP  cleavage  in 
breast  cancer  MDA-MB-231  and  MCF-7  cells,  a,  Percentage  of  viable  cells  after  24 
hours  exposure  to  O.lpM,  0.01  |iM,  and  0.001  fiM  of  Taxol  in  MDA-MB-231  (231), 
vector  transfectd  cells  (Vect.),  or  El  A  expressing  cells  (El  A)  detected  by  MTT  assay. 
Insert  shows  cleaved  PARP  p89  fragment  (APARP)  detected  by  a  polyclonal  antibody 
against  cleaved  PARP.  b,  Percentage  of  viable  cells  after  24  hours  exposure  to  0.1  pM, 
0.01  |iM,  and  0.001  pM  of  Taxol  in  MCF-7,  MCF-7  E1A  expressing  cells  (E1A),  or 
revertant  of  the  MCF-7  El  A  expressing  cells  (EIA-R)detected  by  MTT  assay.  Insert 
shows  cleaved  PARP  p89  fragment  detected  by  ployclonal  antibodies  against  cleaved 
PARP.  c.,  FACS  analysis  of  sub-Gl  phase  apoptotic  cells  in  cells  with  or  without  0.01 
|iM  Taxol  treatment  for  24  hours.  1 

Fig.  2  Expression  of  El  A  enhanced  Taxol  anti-tumor  effect  in  nude  mice  in  vivo  and 
prolonged  animal  survival  rate.  TUNE1  labelling  (a)  and  the  percentage  (b)  of  apoptotic 
cells  in  the  tumor  tissues  with  or  without  treatment  of  Taxol.  The  percentage  of  tumor 
volume  in  Taxol  treated  groups  versus  control  tumors  was  shown  (c).  Combination  of 
systemic  El  A  gene  therapy  with  Taxol  chemotherapy  enhanced  Taxol  anti-tumor  effect 
in  nude  mice  in  vivo  (d)  and  prolonged  animal  survival  rate  (e).  Treatment  groups 
included  SN-liposome  vehicle  (■),  SN-liposome-El  A  (*),  Taxol  alone  (•),  or  Taxol 
plus  SN-E1 A  (+).  At  least  7  animals  were  included  in  each  group. 

Fig.3  Up-regulation  of  p38  phosphorylation  and  down-regulation  of  Akt  phosphorylation 
by  E1A  correlate  with  ElA-mediated  sensitization  to  Taxol-induced  apoptosis,  a, 
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Phospho-p38  (p38-p)  and  phospho-Akt  (Akt-p)  levels  in  E1A  expressing  cells  versus 
vector  alone  transfected  MDA-MB-231  or  MCF-7  cells.  Total  p38  (p38-c)  and  Akt  (Akt- 
c)  were  used  as  loading  control.  b.Kinase  assay  of  p38  and  Akt  and  densitomitric  analysis 
of  relative  p38  activity  (GST-ATF-2-p)and  Akt  activity  (GST-GSK-3-(3-p)  in  El  A  stable 
expressing  cells  versus  vector  transfected  cells,  c,  Kinetics  of  the  protein  expression  of 
PARP,  Akt,  p38,  Bcl-2,  p53,  Bax,  and  JNK1/2  and  Erkl/2  (d)  in  El  A  expressing  MDA- 
MB-231  cells  before  or  after  exposure  to  0.01  pM  Taxol.  Actin  was  used  as  loading 
control,  e,  Densitometric  analysis  of  the  kinetic  differences  among  PARP  cleavage,  Bcl-2 
phosphorylation  and  the  levels  of  Akt  and  p38  phosphorylation.  Y  axe  represent  the 
arbitrary  unit  of  each  protein  obtained  from  densitometry,  f.  Demsitometric  analysis  of 
the  kinetic  differences  between  JNK  and  Erk  phosphoryaltion  with  PARP  cleavage  and 
Bcl-2  phosphorylation,  g.  Dose-dependent  effect  of  Taxol  on  PARP  cleavage,  Bcl-2,  Akt, 
and  p38  phosphorylation  in  parental  MDA-MB-231  cells.  Taxol  doses  are  from  0  pM. 
0.01  pM,  0.1  pM,  to  1  pM. 

Fig.  4  Inactivating  Akt  and  activiating  p38  are  required  for  El  A-mediated  sensitization  to 
Taxol-induced  apoptosis,  a,  Western  blot  analysis  of  p38  and  Akt  in  E1A  expressing 
MDA-MB-231  cells  (insert).  CA-Akt  and/or  pcDNA3-luciferase  vector  (as  control)  was 
transciently  transfected  into  231 -El  A  cells  by  liposome  36  hours  before  treatment  with 
0.01  pM  Taxol.  For  SB  protection,  cells  were  pretreated  with  20  pM  of  SB  for  1  hours 
before  addition  of  0.01  pM  Taxol.  After  4  hours  exposure  to  Taxol,  a  portion  of  cells  was 
harvested  for  protein  extraction,  the  rest  cells  were  grown  to  24  hours  and  then  split  into 
two  portions,  one  for  luciferase  assay  (Luc)  and  the  other  for  FACS  analysis,  b,  Dose- 
dependent  effect  of  SB  203580  on  the  phosphorylation  of  p38.  c,  Repression  of  p38 
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activity  by  an  IPTG- inducible  dominant-negative  p38  enhances  Akt  phosphorylation  and 
abrogates  ElA-mediated  sensitization  to  Taxol  in  El  A  expressing  MDA-MB-231  cells. 
Exponential  growing,  IPTG-inducible,  flag-tagged  DN-p38  stable  clones  of  23 1-El  A 
cells  were  shifted  to  mediums  supplemented  with  or  without  5  mM  of  IPTG  for  overnight 
before  exposure  to  Taxol.  After  exposure  to  Taxol  for  24  hours,  cells  were  then  harvested 
and  analyzed  for  protein  expression  and  for  FACS  analysis  of  the  apoptotic  cells, 
respectively,  d,  Dose-dependent  effect  of  Wortmannin  on  the  phosphorylation  of  Akt  in 
MDA-MB-231  cells,  e,  Luciferase  assay  of  cells  transciently  transfected  with  DN-Akt 
and/or  pcDN  A3 -luciferase  vector  with  or  without  exposure  to  0.01  pM  of  Taxol  or 
0.1  pM  of  Wortmannin.  Insert  shows  the  expression  of  phospho-Akt  and  HA-tag  in 
MDA-MB-23 1  cells,  f,  Luciferase  assay  of  cells  transciently  transfected  with  HA-tagged 
p38  and  pcDN  A3 -luciferase  vector  with  or  without  exposure  to  0.01  pM  of  Taxol.  Insert 
shows  the  expression  of  phospho-p38  and  HA-tag  in  MDA-MB-231  cells.  The 
percentage  of  apoptosis  was  obtained  by  FACS  analysis  of  sub-Gl  phase  cells  after 
exposure  to  0.01  pM  of  Taxol  for  24  hours  (bottom). 

Fig.  5  ElA-mediated  chemosensitization  to  other  anticancer  drugs,  a,  Percentage  of 
viable  cells  in  vector-transfected  and  ElA-transfected  MDA-MB-231  cells  after  exposure 
to  adriamycin  (ADR,  1  pM),  CDDP  (2  pg/ml),  gemcitabine  (GEM,  2  pg/ml),  and 
methotrexate  (MTX,  2  pM)  by  MTT  assay,  b,  Downregulation  of  Akt  phosphorylation 
and  upregulation  of  p38  phosphorylation  correlate  with  drug-induced  PARP  cleavage  in 
El  A  expressing  cells.  231-VECT  (V):  vector  transfected  cells,  231 -El  A  (E):  El  A  stable 
cells. 

Fig.  6  Regulation  of  p38  and  Akt  phosphorylation.  Stable  ElA-expressing  or  parental 
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MDA-MB-231  cells  were  serum-starved  for  24  hours  before  exposure  to  20.0  pM  of  SB 
or  0.1  |iM  of  Wartmannin,  cells  were  harvested  as  times  indicated  and  proteins  were 
extracted  for  Western  analysis  (a),  b,  Immunoprecipation  and  western  blot  analysis  of 
Akt  and  p38  interactions  in  293T  cells  and  MDA-MB-231  cells  after  transcient 
transfection  of  HA- Akt  and  HA-p38.  c,  Upregulation  of  PP2 A  catalytic  subunit  (PP2A/C) 
expression  by  E1A.  V:  231-Vect;  E:  231-E1A;  C:  control,  T:  cells  treated  with  0.01  pM 
of  Taxol.  d.  Feedforward  model  for  signal  amplification  and  regulation  between  p38  and 
Akt  pathways  in  El  A  expressing  cells. 
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ErbB2  can  be  activated  by  its  own  overexpression  or  be 
transactivated  by  the  heregulin  polypeptide  growth 
factor.  Activation  of  ErbB2  leads  to  breast  cancer  cell 
proliferation,  presumably  by  inducing  the  activation  of 
extracellular  signal-regulated  kinases  1,2  (Erkl,2)  and 
Akt.  We  have  previously  reported  that  the  growth  factor 
receptor  bound  protein-2  (Grb2)  is  required  for  the 
proliferation  of  ErbB2-overexpressing  breast  cancer 
cells.  We  investigated  here  whether  Grb2  protein  plays 
a  role  in  heregulin-stimulated  proliferation.  Grb2  protein 
inhibition  led  to  growth  inhibition  of  heregulin-stimulated 
breast  cancer  cells,  but  not  Erkl,2  inactivation.  These 
findings  are  similar  to  our  earlier  observations  in  ErbB2- 
overexpressing  cells.  Since  Akt  can  also  be  activated  by 
heregulin,  the  effects  of  Grb2  inhibition  on  Akt  were 
examined.  Akt  was  inactivated  following  Grb2  down- 
regulation  in  heregulin-stimulated  breast  cancer  cells.  We 
then  examined  the  effects  of  Grb2  downregulation  on 
Akt  in  ErbB2-overexpressing  cells  in  the  absence  of 
heregulin.  Similar  to  heregulin-stimulated  cells,  Grb2 
inhibition  also  led  to  Akt  inactivation  in  ErbB2-over- 
expressing  breast  cancer  cells.  Our  results  indicate  that 
the  activation  of  ErbB2  by  heregulin  or  by  its  over¬ 
expression  requires  Grb2  to  stimulate  the  Akt  pathway 
to  propagate  mitogenic  signals.  Oncogene  (2000)  19, 
6271-6276. 
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Introduction 

Amplification  of  the  ErbB2  (also  known  as  Her2/neu) 
receptor  tyrosine  kinase  gene  is  found  in  20-30%  of 
breast  cancer  patients  and  is  associated  with  poor 
patient  prognosis  (Slamon  et  al. ,  1987,  1989;  McCann 
et  a!.,  1991;  Paterson  et  al. ,  1991).  Unlike  its  other 
family  members  (EGFR,  ErbB3  and  ErbB4),  no  ligand 
has  yet  been  identified  for  ErbB2.  However,  ErbB2  can 
be  activated  by  its  own  overexpression  (Pierce  et  al., 
1991),  or  be  transactivated  by  heregulin  (Holmes  et  al. , 
1992;  Lupu  et  al.,  1992;  Peles  et  al.,  1992).  Heregulin  is 
a  family  of  proteins  identified  as  ligands  for  the  ErbB3 
and  ErbB4  receptor  tyrosine  kinases.  Heregulin  induces 
the  formation  of  heterodimers  between  ErbB3  and 


Correspondence:  AM  Tari,  Department  of  Bioimmunotherapy, 
Section  of  Immunobiology  and  Drug  Carriers,  Box  60,  The 
University  of  Texas  M.D.  Anderson  Cancer  Center,  Houston, 
Texas,  TX  77030,  USA 

Received  15  May  2000;  revised  6  October  2000;  accepted  10 
October  2000 


ErbB2  or  between  ErbB4  and  ErbB2,  thereby 
transactivating  ErbB2  (Plowman  et  al.,  1993a,b; 
Sliwkowski  et  a!.,  1994;  Carraway  et  al.,  1995).  In 
fact,  the  effects  of  heregulin  are  predominantly 
mediated  by  ErbB2  since  inhibiting  the  function  of 
ErbB2  can  block  the  cellular  transformation  and 
proliferation  processes  induced  by  heregulin  (Alimandi 
et  al.,  1995;  Lewis  et  al. ,  1996).  Heregulin  stimulates 
these  cellular  processes,  probably  by  activating  multiple 
pathways,  including  those  involving  extracellular 
signal-regulated  kinases  1,2  (Erkl,2)  and  phosphoino- 
sitol-3  (PI3)  kinase  (Fiddes  et  al.,  1995;  Marte  et  al., 
1995;  Sepp-Lorenzino  et  al. ,  1996). 

Upon  activation  by  heregulin  or  its  overexpression, 
ErbB2  becomes  phosphorylated  (Hazan  et  al. ,  1990), 
and  bound  to  the  Src  homology  2  (SH2)  domain  of  the 
growth  factor  receptor  bound  protein-2  (Grb2)  (Low- 
enstein  et  al.,  1992).  Grb2  then  uses  its  Src  homology  3 
(SH3)  domains  to  bind  to  the  guanine  nucleotide 
exchange  factor,  Son  of  Sevenless  (Sos)  (Bonfini  et  al. , 
1992;  Chardin  et  al.,  1993;  Li  et  al.,  1993;  Simon  et  al., 
1993).  Sos  stimulates  Ras  by  increasing  the  amount  of 
guanine  nucleotide  triphosphate  (GTP)  on  Ras  (Down¬ 
ward  et  al.,  1990).  GTP-bound  Ras  then  interacts  with 
Raf  (Dickson  et  al.,  1992;  Vojtek  et  al.,  1993),  leading 
to  the  stimulation  of  MEK  and  Erkl,2  (de  Vries-Smits 
et  al.,  1992;  Howe  et  al.,  1992).  Besides  binding  to  Raf, 
GTP-bound  Ras  may  bind  to  PI3  kinase  (Rodriguez- 
Viciana  et  al.,  1994),  leading  to  the  stimulation  of  Akt 
(Burgering  and  Coffer,  1995;  Franke  et  al.,  1995). 
Thus,  Grb2  can  potentially  link  activated  ErbB2  to  the 
activation  of  Erkl,2  and  Akt  in  a  Ras-dependent 
manner.  Stimulation  of  the  kinase  activities  of  Erkl,2 
and  Akt  have  been  shown  to  be  important  for 
mitogenesis  (Marais  and  Marshall,  1996;  Treisman, 
1996;  Alessi  and  Cohen,  1998).  Grb2  may  therefore 
play  a  vital  role  in  transducing  the  mitogenic  signals  of 
heregulin-activated  ErbB2  to  Erkl,2  and  Akt. 

We  have  previously  used  liposome-incorporated 
nuclease-resistant  antisense  oligodeoxynucelotides  spe¬ 
cific  for  the  GRB2  mRNA  (Tari  et  al.,  1997,  1999)  to 
inhibit  Grb2  protein  expression.  We  found  that  Grb2 
downregulation  led  to  growth  inhibition  of  breast 
cancer  cells  that  have  overexpression  of  ErbB2  (Tari  et 
al.,  1999),  thus  indicating  that  Grb2  is  important  for 
the  proliferation  of  this  type  of  breast  cancer  cells. 
Since  the  effects  of  heregulin  are  predominantly 
mediated  by  ErbB2  (Alimandi  et  al. ,  1995;  Lewis  et 
al.,  1996),  we  propose  that  Grb2  will  also  be  important 
for  the  proliferation  of  heregulin-stimulated  breast 
cancer  cells.  Here,  we  provide  further  evidence  that 
Akt  is  involved  in  the  mitogenic  signaling  mediated  by 
Grb2. 
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Results 

Liposomal  Grb2  antisense  oligodeoxynucleotides  inhibited 
the  growth  of  breast  cancer  cells  stimulated  by  heregulin 

Before  examining  the  effects  of  Grb2  downregulation 
upon  heregulin  treatment,  the  growth-stimulatory 
effects  of  heregulin  were  investigated  in  two  different 
breast  cancer  cell  lines,  T-47D  and  BT-474.  These  cells 
do  not  express  endogenous  heregulin  but  express 
ErbB3  and/or  ErbB4  receptors  and  thus  are  able  to 
bind  to  heregulin  (Lewis  et  al. ,  1996).  These  cells  also 
differ  in  their  ErbB2  expression  levels  (BT-474  >>T- 
47D)  (Lewis  et  al. ,  1996).  Increasing  doses  of  heregulin 
stimulated  the  proliferation  of  both  cell  lines  even  in 
cell  culture  medium  supplemented  with  fetal  bovine 
serum  (FBS)  (Figure  1).  At  80  and  100  ng/ml  of 
heregulin,  the  proliferation  of  T-47D  cells  and  BT-474 
cells  were  stimulated  up  to  180  and  160%  of  untreated 
cells  in  mediums  supplemented  with  5  and  10%  FBS, 
respectively. 

We  then  investigated  the  effects  of  liposomal  Grb2 
antisense  oligodeoxynucleotides  (L-Grb2)  on  the 
growth  of  T-47D  and  BT-474  cells  in  the  absence 
and  presence  of  heregulin.  Previously  we  had  reported 
that  Grb2  inhibition  induced  growth  inhibition  in 
breast  cancer  cells  that  have  high,  but  not  low, 
expression  of  ErbB2  (Tari  et  al .,  1999).  Therefore,  the 
low  ErbB2-expressing  T-47D  cells  were  not  expected  to 
be  growth  inhibited  by  L-Grb2,  but  the  high  ErbB2- 
expressing  BT-474  cells  were  expected  to  be  inhibited 
by  L-Grb2.  Indeed,  in  the  absence  of  heregulin,  the 
growth  of  T-47D  cells  was  not  decreased  by  L-Grb2 
(Figure  2a),  but  the  growth  of  BT-474  cells  was 
selectively  decreased  by  L-Grb2.  BT-474  cell  growth 
was  decreased  by  50%  at  12  pM  of  L-Grb2  (Figure  2b). 
Under  identical  conditions,  liposomal  control  oligo¬ 
deoxynucleotides  (L-control)  did  not  decrease  the 
growth  of  T-47D  and  BT-474  cells  (Figure  2a  and  b). 

In  the  presence  of  heregulin,  L-Grb2  selectively 
decreased  the  proliferation  of  T-47D  cells.  When 
12  pM  of  L-Grb2  was  used,  the  growth  of  T-47D  cells 
decreased  by  75%  while  the  same  concentration  of  L- 
control  decreased  growth  only  by  20%  (Figure  2a).  A 
dose-dependent  decrease  in  the  proliferation  of  BT-474 
cells  was  also  observed  when  cells  were  coincubated 
with  L-Grb2  and  heregulin  (Figure  2b).  At  12  pM  of  L- 
Grb2,  growth  inhibition  of  BT-474  cells  was  similar  in 
the  absence  or  presence  of  heregulin  (50%  versus 
58%).  Our  data  indicate  that  L-Grb2  can  inhibit  the 
heregulin-stimulated  proliferation  of  breast  cancer  cells 
regardless  of  the  expression  levels  of  ErbB2. 

To  further  investigate  the  involvement  of  Grb2  protein 
in  the  heregulin-stimulated  proliferation  of  breast  cancer 
cells,  MCF-7  cells  transfected  with  heregulin  (MCF-7/ 
T7)  were  used.  MCF-7/T7  cells  produce  high  levels  of 
heregulin  and  thus  have  constitutively  activated  ErbB2 
receptors  in  spite  of  their  low  ErbB  receptors  expression 
(Tang  et  al. ,  1996).  A  dose-dependent  decrease  in  cell 
proliferation  was  observed  when  MCF-7/T7  cells  were 
incubated  with  various  concentrations  of  L-Grb2,  but 
not  with  L-control  (Figure  3a).  At  12  pM  of  L-Grb2,  the 
growth  of  MCF-7/T7  cells  was  decreased  by  40%,  while 
the  same  concentration  of  L-control  only  decreased 
growth  by  4%.  MCF-7  cells  transfected  with  the  control 
neomycin  vector  MCF-7/V  were  used  as  a  negative 


Figure  1  Heregulin  induced  the  proliferation  of  breast  cancer 
cells.  T-47D  and  BT-474  cells  were  incubated  with  different 
concentrations  of  heregulin  fi\  in  DMEM/F12  medium  supple¬ 
mented  with  5  and  10%  FBS,  respectively.  Cell  growth  was 
determined  by  the  MTS  proliferation  assay.  Growth  of  treated 
cells  was  compared  with  that  of  untreated  cells  cultured  under  the 
same  FBS  conditions,  and  was  expressed  as  per  cent  of  untreated 
cells 
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Figure  2  L-Grb2  selectively  inhibited  the  heregulin-stimulated 
proliferation  of  breast  cancer  cells,  (a)  T-47D  and  (b)  BT-474  cells 
were  plated  in  medium  supplemented  with  5  and  10%  FBS, 
respectively.  They  were  incubated  with  0-12  pM  of  L-Grb2  (0» 
•)  or  L-control  (□,  ■)  for  5-6  days  in  the  absence  (O,  □)  or 
presence  (#,  ■)  of  heregulin.  Cell  growth  was  determined  by  the 
MTS  proliferation  assay.  Growth  of  treated  cells  was  compared 
with  that  of  untreated  cells,  and  was  expressed  as  per  cent  of 
untreated  cells  cultured  under  the  same  heregulin  conditions 
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control  cell  line.  These  cells  have  low  levels  of  ErbB2  but 
do  not  express  any  heregulin;  therefore  ErbB2  is  not 
activated  in  these  cells  (Tang  et  al. ,  1996).  As  expected, 
growth  inhibitory  effects  were  not  observed  in  MCF-7/V 
cells  incubated  with  either  L-Grb2  or  L-control  (Figure 
3b).  These  data  demonstrate  that  L-Grb2  can  selectively 
inhibit  the  proliferation  of  MCF-7  cells  which  have 
activated  ErbB2  due  to  the  transfected  heregulin  gene. 

Downregulation  of  Grb2  protein  expression 
predominantly  inhibited  Akt  activation  in 
heregulin- transfected  breast  cancer  cells 

Western  blot  analysis  was  carried  out  to  confirm  that 
L-Grb2  could  selectively  downregulate  the  expression 
of  Grb2  protein  as  we  had  previously  reported  (Tari  et 
al.,  1997,  1999).  Compared  with  untreated  cells,  MCF- 
7/T7  cells  treated  with  10  pM  of  L-Grb2  for  3  days  had 
a  39%  decrease  in  Grb2  protein  expression,  while  cells 
treated  with  the  same  concentrations  of  L-control  had 
a  9%  decrease  in  Grb2  protein  expression  (Figure  4). 
These  data  indicate  that  growth  inhibition  by  L-Grb2 
(Figure  3)  was  mediated  by  specific  downregulation  of 
Grb2  protein  expression. 
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We  were  interested  in  whether  disruption  of  here- 
gulin-induced  growth  signaling  by  Grb2  protein  down- 
regulation  was  due  to  inactivation  of  Erkl,2  and  Akt, 
two  of  the  downstream  kinases  associated  with  here¬ 
gulin  signaling  (Fiddes  et  al ,  1995;  Marte  et  al ,  1995; 
Sepp-Lorenzino  et  al ,  1996;  Liu  et  al. ,  1999).  So,  we 
determined  the  phosphorylation,  i.e.  activation,  levels  of 
Erkl,2  and  Akt  in  the  same  protein  lysates  in  which 
Grb2  protein  expression  was  downregulated.  The 
protein  levels  of  Erkl, 2  and  Akt  did  not  change  in 
MCF-7/T7  cells  upon  incubation  with  L-Grb2  or  L- 
control.  The  phosphorylation  levels  of  Erkl,2  were  also 
not  significantly  changed  after  L-Grb2  treatment 
(Figure  4).  Compared  with  untreated  cells,  10  pM  of 
L-Grb2  decreased  Erkl,2  activities  by  15%,  while 
10  pM  of  L-control  decreased  Erkl,2  activities  by  1%. 

On  the  other  hand,  L-Grb2  decreased  the  phosphoryla¬ 
tion  levels  of  Akt  (Figure  4).  Akt  activity  was  decreased 
by  62%  in  cells  treated  with  10  pM  of  L-Grb2  but  only 
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Figure  3  L-Grb2  selectively  inhibited  the  proliferation  of  breast 
cancer  cells  transfected  with  heregulin.  (a)  MCF-7/T7  and  (b) 
MCF-7/V  cells  were  incubated  with  0-12  fiM  final  concentration 
of  L-Grb2  (O)  or  L-control  (□)  for  5  days.  Cell  growth  was 
determined  by  the  MTS  proliferation  assay.  Growth  of  treated 
cells  was  compared  with  that  of  untreated  cells,  and  was  expressed 
as  per  cent  of  untreated  cells 


Phosphorylated  Erkl  ,2  :  Erkl  ,2  ratio*  178  176  152 
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Figure  4  Grb2  downregulation  predominantly  induced  Akt 
inactivation  in  heregulin-transfected  breast  cancer  cells.  MCF7/ 
T7  cells  were  incubated  with  liposomal  oligos  for  3  days.  Protein 
lysates  were  obtained  and  Western  blots  were  performed  as 
described.  “Densitometric  scans  were  performed  on  Western  blots 
to  measure  the  ratios  of  Grb2  to  Actin,  phosphorylated  Erkl, 2  to 
Erkl, 2,  and  phosphorylated  Akt  to  Akt.  hGrb2  inhibition  was 
obtained  by  (1-ratio  of  Grb2:  Actin  in  treated  cells/ratio  of 
Grb2:  Actin  in  untreated  cells)  x  100%.  cErkl,2  inactivation  was 
obtained  by  (1 -ratio  of  phosphorylated  Erkl, 2 :  Erkl,2  in  treated 
cells/ratio  of  phosphorylated  Erkl, 2 :  Erkl, 2  in  untreated 
cells)  x  100%.  dAkt  inactivation  was  obtained  by  (1-ratio  of 
phosphorylated  Akt :  Akt  in  treated  cells/ratio  of  phosphorylated 
Akt: Akt  in  untreated  cells) x  100% 
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12%  by  L-control.  Our  data  indicate  that  Grb2  protein 
downregulation  predominantly  induces  Akt  inactivation 
in  heregulin-transfected  breast  cancer  cells. 


Grb2  protein  downregulation  also  led  to  Akt  inactivation 
in  Erb  B2-o verexpressing  breast  cancer  cells 

We  have  demonstrated  that  Grb2  downregulation 
could  induce  growth  inhibition  but  not  Erkl,2 
inactivation  in  ErbB2~overexpressing  breast  cancer  cells 
(Tari  et  al .,  1999).  These  findings  are  similar  to  what 
we  had  described  above  for  the  heregulin-stimulated 
cells.  Therefore,  we  speculate  that  Grb2  downregula¬ 
tion  may  also  lead  to  Akt  inactivation  in  ErbB2- 
overexpressing  breast  cancer  cells.  We  examined  the 
effects  of  Grb2  downregulation  on  Akt  activities  in 
MDA-MB-453  and  BT-474  breast  cancer  cells,  which 
express  high  levels  of  ErbB2  but  do  not  express  any 
heregulin.  Similar  to  what  was  observed  in  breast 
cancer  ceils  stimulated  with  heregulin,  Grb2  inhibition 
also  induced  Akt  inactivation  in  ErbB2-overexpressing 
breast  cancer  cells  (Figure  5).  When  MDA-MB-453 
cells  (Figure  5a)  and  BT-474  cells  (Figure  5b)  were 
incubated  with  8-12  of  L-Grb2,  Akt  activity  was 
inhibited  by  34-47%.  But  Akt  activity  was  inhibited 
by  <4%  when  same  concentration  of  L-control  were 
used.  In  all  cases,  L-Grb2  induced  a  decrease  in  Akt 
activity  without  decreasing  Akt  protein  expression. 


Discussion 

Our  results  indicate  that  downregulation  of  Grb2 
protein  expression  induced  growth  inhibition  and  Akt 
inactivation  in  ErbB2-overexpressing  breast  cancer  cells 
as  well  as  in  heregulin-stimulated  breast  cancer  cells.  It 
is  not  surprising  that  Grb2  downregulation  would  lead 
to  growth  inhibition  of  heregulin-stimulated  cells  since 
there  is  considerable  overlap  in  signaling  between 
heregulin-stimulated  and  ErbB2-overexpressing  breast 
cancer  cells.  Both  cell  types  require  the  presence  and 
the  activation  of  ErbB2  to  induce  cellular  transforma¬ 
tion  and  mitogenesis  (Alimandi  et  al .,  1995;  Lewis  et 
al. ,  1996).  The  signaling  induced  by  heregulin  is 
initiated  mainly  from  ErbB2  heterodimers  while  the 
signaling  of  ErbB2  overexpression  is  mainly  from 
ErbB2  homodimers  (Muthuswamy  et  al .,  1999). 

We  postulate  that  Grb2  regulates  Akt  activity  in  a 
Ras-dependent  manner.  Grb2  can  bind  directly  to 
ErbB2  upon  ErbB2  activation  (Meyer  et  al. ,  1994). 
Alternatively,  Grb2  can  bind  indirectly  to  ErbB2  via  She 
(Meyer  et  al .,  1994;  Ravichandran  et  al .,  1995).  This  is 
because  activation  of  ErbB2  leads  to  increased  tyrosine 
phosphorylation  on  She  (Segatto  et  al .,  1993),  which  can 
bind  to  Grb2  and  ErbB2  simultaneously  (Meyer  et  al ., 
1994;  Segatto  et  al .,  1993).  So  either  directly  or 
indirectly,  Grb2  can  link  activated  ErbB2  to  Sos, 
thereby  increasing  Ras  activity  (Bonfini  et  al .,  1992; 
Chardin  et  al .,  1993;  Li  et  al .,  1993;  Simon  et  al .,  1993). 
Activated  Ras  may  bind  and  activate  PI3  kinase 
(Rodriguez-Viciana  et  al .,  1994,  1996),  which  can  in 
turn  stimulate  Akt  activity  (Burgering  and  Coffer,  1995; 
Franke  et  al .,  1995).  Inhibition  of  Grb2  expression  may 
therefore  disrupt  Ras/PI3  kinase/Akt  signaling,  and 
induce  Akt  inactivation.  Stimulation  of  Ras/PI3  kinase 
activities,  for  example  by  expressing  constitutively 
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Figure  5  Grb2  downregulation  led  to  Akt  inactivation  in 
ErbB2-overexpressing  breast  cancer  cells,  (a)  MDA-MB-453  and 
(b)  BT-474  cells  were  incubated  with  liposomal  oligos  for  3  days. 
Protein  lysates  were  obtained  and  Western  blots  were  performed 
as  described.  aDensitometric  scans  were  performed  on  Western 
blots  to  measure  the  ratios  of  phosphorylated  Akt  to  Akt.  bAkt 
inactivation  was  obtained  by  (1-ratio  of  phosphorylated  Akt:  Akt 
in  treated  cells/ratio  of  phosphorylated  Akt: Akt  in  untreated 
cells)  x  100% 


activated  forms  of  Ras/PI3  kianse,  should  then  block 
the  inactivation  of  Akt  by  Grb2  downregulation. 

On  the  other  hand,  Grb2  may  also  regulate  Akt 
activity  in  a  Ras-independent  manner.  This  is  because  in 
addition  to  binding  to  Sos,  Grb2  can  use  its  SH3 
domain  to  bind  to  other  proline-rich  containing 
proteins,  such  as  PI3  kinase  (Wang  et  al. ,  1995),  and 
Grb2-associated  binder  protein- 1  (Gab-1)  (Holgado- 
Madruga  et  al .,  1996).  Both  PI3  kinase  and  Gab-1  can 
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stimulate  Akt  activity  (Holgado-Madruga  et  al. ,  1997; 
Wang  et  al.,  1995).  The  activation  of  Akt  by  PI3  kinase 
or  Gab-1  appears  to  be  Ras-independent  because  the 
binding  of  Grb2  to  PI3  kinase  or  Gab-1  can  exclude  Sos 
from  binding  to  Grb2,  and  could  potentially  stimulate 
Akt  activity  without  stimulating  Erkl,2  activity  (Hol¬ 
gado-Madruga  et  al.,  1997;  Wang  et  al.,  1995).  In  that 
case,  inhibition  of  Grb2  expression  may  induce  Akt 
inactivation  without  inducing  Erkl,2  inactivation.  This 
postulation  is  similar  to  what  we  have  described  here  for 
our  ErbB2-activated  breast  cancer  systems.  However, 
since  Grb2  inhibition  was  found  to  decrease  Ras  activity 
in  fibroblasts  transfected  with  ErbB2  (Xie  et  al.,  1995), 
we  believe  that  Grb2  inhibition  induces  Akt  inactivation 
via  Ras  inactivation. 

Even  though  Akt  is  known  to  be  activated  in 
response  to  PI3  kinase  activation,  some  studies  have 
suggested  that  Akt  could  be  activated  by  PI3  kinase- 
independent  mechanisms.  For  example,  Filippa’s 
studies  suggested  that  Akt  could  be  activated  by 
protein  kinase  A  (Filippa  et  al.,  1999).  When  Akt  is 
activated  by  PI3  kinase,  Ser473  is  always  phosphorylated 
(Franke  et  al.,  1997;  Alessi  and  Cohen,  1998);  however 
in  Filippa’s  studies,  protein  kinase  A  activation  of  Akt 
did  not  induce  Ser473  phosphorylation  (Filippa  et  al., 
1999).  Since  our  studies  showed  that  Ser473  phosphor¬ 
ylation  of  Akt  was  modulated  by  Grb2,  we  believe  that 
Grb2  inhibition  is  followed  by  PI 3  kinase  inactivation, 
and  thus  Akt  inactivation.  We  are  currently  investigat¬ 
ing  whether  Ras  and/or  PI3  kinase  is  involved  in  the 
regulation  of  Akt  activity  by  Grb2  protein. 

Heregulin  can  stimulate  the  activation  of  Erkl,2  and 
Akt  (Fiddes  et  al.,  1995;  Marte  et  al.,  1995;  Sepp- 
Lorenzino  et  al.,  1996;  Liu  et  al.,  1999);  both  Erkl,2 
and  Akt  are  expected  to  play  major  roles  in  heregulin- 
induced  cellular  processes.  However,  here  we  report 
that  activation  of  ErbB2  by  heregulin  (as  well  as  by 
ErbB2  overexpression)  uses  Grb2  to  preferentially 
stimulate  Akt,  not  Erkl,2,  activity  to  effect  breast 
cancer  mitogenesis.  There  have  been  reports  demon¬ 
strating  that  Akt  is  preferred  to  Erkl,2  in  other 
heregulin-induced  cellular  processes,  such  as  cell  cycle 
progression  (Daly  et  al.,  1999)  and  cellular  aggregation 
(Tang  et  al.,  1999).  Wortmannin  and  LY294002,  which 
can  inhibit  PI3  kinase  and  therefore  Akt  activities,  can 
inhibit  cell  cycle  progression  and  aggregation  of  breast 
cancer  cells  induced  by  heregulin  (Daly  et  al.,  1999; 
Tang  et  al.,  1999).  On  the  other  hand,  PD98059,  which 
can  inhibit  MEK  and  therefore  Erkl,2  activities, 
cannot  inhibit  these  same  breast  cancer  cellular 
processes  induced  by  heregulin  (Daly  et  al.,  1999; 
Tang  et  al.,  1999).  So,  it  appears  that  heregulin  may 
prefer  PI3  kinase/Akt  pathway  to  MEK/Erkl,2  path¬ 
way  in  regulating  mitogenesis,  cell  cycle  progression, 
and  aggregation  of  breast  cancer  cells.  It  will  be  very 
interesting  to  determine  what  kinds  of  cellular 
processes  heregulin  will  use  Erkl,2  for,  and  the  identity 
of  those  adaptor  proteins  that  are  involved  in 
mediating  the  activation  of  Erkl,2  by  heregulin. 

Materials  and  methods 

Cell  lines 

T-47D,  BT-474,  and  MDA-MB-453  cells  were  obtained  from 
ATCC  (Manassas,  VA,  USA).  MCF-7  cells  transfected  with 
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the  control  neomycin  vector  (MCF7/V)  or  the  heregulin  p-2 
gene  (MCF7/T7)  were  obtained  from  Dr  Ruth  Lupu  (Tang  et 
al.,  1996).  Cells  were  cultured  in  DMEM/F12  medium 
supplemented  with  5  or  10%  heat-inactivated  FBS  at  37°C 
in  a  5%  CO2  humidified  incubator. 

Antibodies 

Monoclonal  Grb2  and  Actin  antibodies  were  purchased  from 
Transduction  Laboratories  (Lexington,  KY,  USA)  and  Sigma 
Chemical  Co.  (St.  Louis,  MO,  USA),  respectively.  Polyclonal 
antibodies  specific  for  Erkl,2,  phosphorylated  Erkl,2  (Thr202/ 

Tyr204),  Akt,  and  phosphorylated  Akt  (Ser473)  were  purchased 
from  New  England  Biolabs  (Beverly,  MA,  USA).  These 
antibodies  had  been  reliably  used  by  us  (Tari  et  al.,  1999; 

Tari  and  Lopez-Berestein,  2000)  and  others  (Li  et  al,  1998; 

Majeti  et  al.,  1998)  to  measure  the  phosphorylation,  i.e. 
activation,  levels  of  Erkl,2  and  Akt.  Antimouse  or  antirabbit 
secondary  antibodies  were  obtained  from  Amersham  Life 
Sciences  (Cleveland,  OH,  USA). 

Liposomal  oligodeoxynucleotides  ( oligos ) 

Nuclease  resistant  P-ethoxy  oligos  (18  bases)  were  purchased 
from  Oligos  Etc.,  Inc.  (Willsonville,  OR,  USA).  We  have 
previously  reported  the  sequences  of  the  Grb2  antisense  and 
the  control  oligos  (Tari  et  al.,  1997,  1999).  Grb2  antisense:  5'- 
ATATTTGGCGATGGCTTC-3';  Random  control  oligo:  5'- 
GGGCTTTTGAACTCTGCT-3'.  Grb2  antisense  and  control 
oligos  were  mixed  with  dioleoyl-phosphocholine  (Avanti 
Polar  Lipids,  Alabaster,  AL,  USA)  in  the  presence  of  tertiary 
butanol  and  prepared  as  described  (Tari  et  al.,  1997,  1999). 


Breast  cancer  cells  were  seeded  between  2-8  x  103  cells/well 
in  96-well  plates  in  0.1  ml  of  DMEM/FI2  medium 
supplemented  with  5  or  10%  FBS.  The  next  day,  heregulin 
/?1  (Neomarkers,  Union  City,  CA,  USA)  and/or  liposomal 
oligos  were  added  to  cells  for  5-6  days  before  cell  growth 
and  viability  was  measured  by  the  CellTiter  96<H  AQueous 
nonradioactive  assay  (Promega,  Madison,  WI,  USA).  This 
assay  measures  the  conversion  of  a  tetrazolium  compound, 
MTS,  into  water-soluble  MTS-formazan.  Each  experiment 
was  done  in  triplicates  and  repeated  at  least  three  times. 


Breast  cancer  cells  were  incubated  with  liposomal  oligos  for  3 
days.  Untreated  and  treated  cells  were  lysed,  and  protein 
lysates  were  prepared.  Proteins  were  elecrophoresed  and 
electrotransferred  as  described  (Tari  et  al.,  1999;  Tari  and 
Lopez-Berestein,  2000).  The  membranes  were  incubated  with 
anti-Grb2  antibodies,  anti-phosphorylated  Erkl,2  antibodies, 
or  anti-phosphorylated  Akt  antibodies,  and  protein  bands 
were  visualized  by  enhanced  chemiluminescence  (Amersham 
Life  Sciences).  The  membranes  were  then  stripped  and 
reincubated  with  antibodies  specific  for  Actin,  Erkl,2,  or 
Akt.  Protein  bands  were  visualized  by  enhanced  chemilumi¬ 
nescence.  Images  were  scanned  and  quantitated  by  an  Alpha 
Innotech  densitometer  using  the  Alpha  Imager  application 
program  (Alpha  Innotech,  San  Leandro,  CA,  USA). 
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Abstract 


BACKGROUND:  Amplification  of  the  HER2/neu  oncogene  has  been  correlated  with  poor 
prognosis  in  breast  cancer  patients.  Breast  cancer  cells  are  often  found  to  be  resistant  to  all-trans 
retinoic  acid  (ATRA).  We  hypothesized  that  HER2/neu  could  induce  ATRA  resistance  in  breast 
cancer  cells.  METHODS:  Breast  cancer  cells  transfected  with  HER2/neu  or  stimulated  with  the 
heregulin  growth  factor,  were  incubated  with  ATRA  for  5  days.  The  CellTiter  96  AQueous 
nonradioactive  proliferation  assay  was  used  to  compare  the  effects  of  ATRA  on  the 
transfected/stimulated  cells  and  the  parental/unstimulated  cells.  Western  blots  were  used  to 
determine  the  effects  of  HER2/neu  on  RARa  expression.  The  trastuzumab  antibody  was  used  to 
block  the  expression  and  function  of  Her2/neu.  Liposome-incorporated  GRB2  antisense 
oligonucleotides  were  used  to  downregulate  GRB2  protein  expression.  To  inhibit  Akt  activity, 
breast  cancer  cells  transfected  with  a  dominant  negative  Akt  mutant  were  used.  RESULTS: 
HER2/neu,  when  either  overexpressed  or  activated  by  heregulin,  induced  ATRA  resistance  in 
breast  cancer  cells  by  suppressing  RARa  expression.  Conversely,  when  HER2/neu  was  blocked 
by  trastuzumab,  ATRA  sensitivity  and  RARa  expression  were  reinduced  in  breast  cancer  cells. 
Downregulation  of  GRB2  protein  expression  or  inhibition  of  Akt  function  resensitized 
HER2/neu-overexpressing  breast  cancer  cells  to  ATRA  by  increasing  RARa  expression. 
CONCLUSIONS:  HER2/neu  can  suppress  RARa  expression  and  induce  ATRA  resistance  in 
breast  cancer  cells.  Furthermore,  we  demonstrate  that  HER2/neu  utilizes  GRB2  and  Akt  proteins 
to  induce  ATRA  resistance.  This  novel  pathway  of  ATRA  resistance  may  have  broad 
implications  in  the  use  of  ATRA  against  cancer. 


Introduction 


All-trans  retinoic  acid  (ATRA)  inhibits  the  growth  of  various  types  of  cancer  cells, 
including  human  breast  cancer  cells  (7)  (2)  (5).  However,  many  breast  cancer  cell  lines  are 
resistant  to  ATRA.  ATRA-resistant  breast  cancer  cell  lines  generally  express  low  levels  of 
retinoic  acid  receptors  (RARs),  particularly  RARa  (4)  (5)  (6).  Transfection  of  ATRA-resistant 
breast  cancer  cell  lines  with  vectors  encoding  the  RARa  gene  induced  these  cells  to  become 
sensitive  to  ATRA  (7).  Furthermore,  it  has  been  shown  that  activation  of  RARa  alone  is 
sufficient  for  bill  induction  of  retinoid  responses  in  breast  cancer  cells  (8). 

Amplification  of  Her2/neu  (also  known  as  erbB2)  is  correlated  with  poor  prognosis  and 
survival  outcome  in  patients  with  breast  cancer  (9-11).  This  is  partly  because  Her2/neu  can 
induce  breast  cancer  cells  resistance  to  chemotherapeutic  and  biological  agents,  including  tumor 
necrosis  factor-a  (TNFa),  tamoxifen,  cisplatin,  doxorubicin,  and  paclitaxel  (12-19).  While 
comparing  the  characteristics  of  ATRA-sensitive  and  ATRA-resistant  breast  cancer  cell  lines,  we 
observed  that  many  ATRA-resistant  cell  lines,  with  the  exception  of  SKBr3  cells,  have  moderate 
to  high  expression  levels  of  Her2/neu  (7,20-22).  Thus  we  hypothesized  that  Her2/neu  induces 
ATRA  resistance  in  breast  cancer  cells.  Here  we  report  that  Her2/neu  induces  ATRA  resistance 
in  breast  cancer  cells  by  reducing  RARa  expression.  We  further  demonstrated  that  Her2/neu  uses 
the  growth  factor  receptor  bound  protein-2  (Grb2)  and  Akt,  two  well-known  downstream 
signaling  proteins,  to  decrease  RARa  expression  and  induce  ATRA  resistance. 


Materials  and  Methods 


Cell  lines 

MCF-7  cells  were  obtained  from  American  Type  Cell  Culture  (Manassas,  VA).  MCF-7 
cells  transfected  with  the  heregulin  P-2  gene  (MCF-7/HRG),  the  Her2/neu  gene  (MCF-7/HER2), 
and  the  epidermal  growth  factor  receptor  (EGFR)  gene  (MCF-7/EGFR)  were  kindly  provided  by 
Dr.  Ruth  Lupu  (Berkeley,  CA),  Dr.  Mien-Chie  Hung  (Houston,  TX)  and  Dr.  Francis  G.  Kern 
(Birmingham,  AL),  respectively.  These  cells  were  originally  termed  as  MCF-7/T7  (23),  MCF- 
7/HER2-18  (13),  and  MCE5  (24).  Cells  were  cultured  in  Dulbecco’s  modified  Eagles’s  medium 
(DMEM)/F12  medium  supplemented  with  5%  heat-inactivated  fetal  bovine  serum  (FBS).  MCF- 
7/EGFR  cells  were  cultured  in  phenol  red- free  DMEM/F12  medium  supplemented  with  10% 
charcoal-stripped  fetal  bovine  serum  (CSS).  Parental  MDA-MB-453  cells  were  obtained  from 
ATCC.  MDA-MB-453  cells  stably  transfected  with  the  HA-tagged  cDNA  encoding  the  dominant 
negative  Akt  mutant  (K179M)  were  provided  by  Dr.  Mien-Chie  Hung  and  had  been  previously 
described  (25). 

Antibodies  and  ligands 

Monoclonal  antibodies  specific  for  Her2/neu  and  Estrogen  Receptor-oc  (ERa)  were 
purchased  from  Oncogene  Research  Products  (Boston,  MA)  and  Novocastra  Laboratories  Ltd. 
(Burlingame,  CA),  respectively.  Antibodies  specific  for  EGFR  and  heregulin  were  obtained  from 
NeoMarkers  (Fremont,  CA).  Polyclonal  RARa,  RARp,  and  RARy  antibodies  were  purchased 


from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  |3-Actin  and  Grb2  antibodies  were  purchased 
from  Sigma  Chemical  Co.  (St.  Louis,  MO)  and  BD  Transduction  Laboratories  (San  Diego,  CA), 
respectively.  Anti-mouse  and  anti-rabbit  secondary  antibodies  were  obtained  from  Amersham 
Life  Sciences  (Cleveland,  OH).  ATRA  was  obtained  from  Sigma  Chemical  Co.  Heregulin  (31  was 
purchased  from  NeoMarkers.  Trastuzumab  (Herceptin®)  was  kindly  provided  by  Genentech  (San 
Francisco,  CA). 

Liposomal  oligos 

Nuclease  resistant  P-ethoxy  oligos  (18  bases)  were  purchased  from  Oligos  Etc.,  Inc. 
(Wilsonville,  OR).  We  have  previously  reported  the  sequences  of  the  Grb2  antisense  and  the 
control  oligos  ( 26,27)  as  follows:  Grb2  antisense,  5’-ATATTTGGCGATGGCTTC-3’;  control 
oligo,  5’-GGGCTTTTGAACTCTGCT-3\  Grb2  antisense  and  control  oligos  were  mixed  with 
dioleoylphosphocholine  (Avanti  Polar  Lipids,  Alabaster,  AL)  in  the  presence  of  tertiary  butanol 
and  prepared  as  described  (26,27). 

Cell  growth  and  viability  assay 

Breast  cancer  cells  were  seeded  in  96-well  plates  in  0.1  ml  of  DMEM/F12  medium 
supplemented  with  5%  FBS.  The  next  day,  ATRA  was  added  to  the  cells.  When  the  sensitivity  to 
ATRA  was  studied  in  MCF-7/EGFR  cells,  the  culture  medium  was  changed  to  phenol  red-free 
DMEM/F12  supplemented  with  10%  CSS  before  adding  ATRA.  This  medium  is  necessary  to 
maintain  high  expression  of  EGFR  in  transfected  cells  (24).  After  5  days  of  incubation,  cell 


growth  and  viability  was  measured  by  using  the  CellTiter  96  AQueous  nonradioactive 
proliferation  assay  (Promega,  Madison,  WI). 

Western  blots 

Cell  lysates  were  obtained  from  untreated  exponentially  growing  cells  or  from  cells 
treated  with  ATRA.  Proteins  were  electrophoresed  and  electrotransferred  as  previously  described 
(26,27).  Membranes  were  incubated  with  the  appropriate  primary  and  secondary  antibodies. 
Protein  bands  were  visualized  by  enhanced  chemiluminescence  (Kirkegaard  and  Perry 
Laboratories,  Gaithersburg,  MD).  Images  were  scanned  and  quantified  by  using  an  Alpha 
Innotech  densitometer  using  the  Alpha  Imager  application  program  (Alpha  Innotech,  San 
Leandro,  CA). 

Statistical  analysis 

Statistical  analysis  was  performed  using  StatView  5.0  (SAS  Institute,  Cary,  NC).  The 
differences  between  individual  treatments  of  cells  were  analyzed  using  two-tailed  t  test. 


Results 


Her2/neu  and  heregulin  induced  ATRA  resistance  in  breast  cancer  cells 

To  determine  whether  Her2/neu  could  induce  ATRA  resistance  in  breast  cancer  cells,  the 
sensitivity  of  parental  MCF-7  cells  to  the  growth  inhibitory  effects  of  ATRA  was  compared  with 
those  of  MCF-7  cells  transfected  with  Her2/neu  or  heregulin,  since  Her2/neu  is  known  to  be 
transactivated  by  heregulin  (28-31).  We  chose  MCF-7  cells  because  these  cells  are  sensitive  to 
ATRA,  have  very  low  levels  of  Her2/neu  (Fig.  1A,  inset),  and  due  to  their  ease  of  transfection, 
have  been  used  as  a  model  to  study  the  function  of  various  genes  in  breast  cancer  cells  (32).  As 
expected,  MCF-7  cells  stably  transfected  with  either  the  Her2/neu  gene  (MCF-7/Her2)  or  the 
heregulin  (MCF-7/HRG)  gene  have  very  high  levels  of  the  respective  transfected  genes  (Fig.  1A, 
inset). 

After  5  days  of  treatment  with  ATRA,  the  proliferation  of  parental  MCF-7  cells  (MCF- 
7/WT)  was  inhibited  in  a  dose-dependent  manner  (Fig.  1A).  At  1  pM  concentration,  ATRA 
inhibited  MCF-7/WT  cell  growth  by  63%.  The  sensitivity  of  vector- transfected  cells  (MCF-7/V) 
to  ATRA  was  similar  to  that  of  MCF-7/WT  cells  (data  not  shown).  However,  ATRA  did  not 
inhibit  the  proliferation  of  neither  MCF-7/HER2  nor  MCF-7/HRG  cells  (Fig.  1  A).  This  is  despite 
the  fact  that  the  expression  levels  of  estrogen  receptor-a  (ERa)  are  similar  among  MCF-7/WT, 
MCF-7/Her2  and  MCF-7/HRG  cells  (Fig.  1  A,  inset). 

Since  Her2/neu  and  EGFR  are  related  family  members,  we  determined  whether  EGFR 
could  also  induce  ATRA  resistance.  The  levels  of  EGFR  in  MCF-7  cells  transfected  with  vector 
control  (MCF-7/V)  are  almost  undetectable,  whereas  the  levels  of  EGFR  in  MCF-7  cells  stably 


transfected  with  EGFR  (MCF-7/EGFR  cells)  are  very  high  (Fig.  IB,  inset).  However,  the 
expression  levels  of  ERa  in  both  cell  lines  are  quite  similar  (Fig.  IB,  inset).  ATRA  inhibited  the 
growth  of  MCF-7/V  and  MCF-7/EGFR  cells  to  a  very  similar  extent,  approximately  40%  (Fig. 
IB). 

Heregulin,  when  added  exogenously,  could  also  reduce  the  sensitivity  of  MCF-7  cells  to 
ATRA  (Fig.  2).  When  MCF-7  cells  were  incubated  with  10  nM  concentration  of  ATRA  in  phenol 
red-free  DMEM/F12  medium  +  10%  CSS,  the  growth  of  MCF-7  cells  was  reduced  by  56%, 
whereas  in  the  presence  of  100  ng/ml  heregulin,  the  same  dose  of  ATRA  reduced  MCF-7  cell 
growth  by  20%  (p  =  0.006).  This  reduced  sensitivity  of  MCF-7  cells  to  ATRA  by  heregulin  was 
observed  when  cells  were  incubated  with  up  to  250  nM  ATRA  (Fig.  2).  However,  heregulin  did 
not  affect  the  sensitivity  of  MCF-7  cells  to  ATRA  when  the  cells  were  incubated  with  higher 
doses  of  ATRA.  At  1  pM  concentration,  ATRA  reduced  the  growth  of  MCF-7  cells  by  71%  in 
the  absence  of  heregulin,  and  55%  in  the  presence  of  heregulin  (p  >  0.05).  Thus,  in  the  presence 
of  heregulin,  MCF-7  cells  became  less  sensitive  to  low  doses  of  ATRA.  These  data  indicate  that 
overexpression  or  activation  of  Her2/neu  led  to  ATRA  resistance  in  breast  cancer  cells. 

Her2/neu  and  heregulin  reduced  RARa  protein  expression 

Since  the  sensitivity  of  breast  cancer  cells  to  ATRA  has  been  correlated  with  RARa 
expression  (5-8,20),  we  examined  the  expression  of  RARs  in  MCF-7  parental  cells  and  its 
variants.  Compared  with  MCF-7/WT  cells,  MCF-7/HRG  and  MCF-7/HER2  cells  had  lower 
RARa  protein  expression  (Fig.  3).  Densitometric  data  indicated  that  RARa  protein  expression 
levels  in  the  MCF-7/V,  MCF-7/HRG  and  MCF-7/HER2  cells  were  approximately  90%,  41%, 


and  63%  of  the  level  for  MCF-7/WT  cells.  The  expression  levels  of  RAR(3  and  RARy  proteins 
were  not  modulated  in  any  of  the  transfected  MCF-7  cells  (Fig.  3),  indicating  that  Her2/neu, 
when  overexpressed  or  activated  by  heregulin,  can  decrease  endogenous  RARa  expression. 

It  has  been  demonstrated  that  ATRA  treatment  led  to  rapid  degradation  of  RARa  protein 
{33,34).  We  next  investigated  whether  Her2/neu  could  modulate  this  ATRA-induced  degradation. 
MCF-7/WT  and  MCF-7/HER2  cells  were  incubated  with  1  pM  concentration  of  ATRA  for  2,  24, 
and  48  h.  After  2  h  of  treatment  with  ATRA,  RARa  protein  expression  was  about  59%  lower  in 
MCF-7 AVT  and  MCF-7/HER2  cells  (Fig.  4).  By  24  h  of  treatment,  however,  the  levels  of  RARa 
proteins  recovered  to  that  of  untreated  MCF-7/WT  cells  (Fig.  4).  On  the  other  hand,  the 
expression  of  RARa  protein  in  MCF-7/HER2  cells  remained  suppressed  even  after  48  h  of 
treatment  (Fig.  4).  These  data  indicate  that,  contrary  to  what  was  observed  in  parental  cells, 
Her2/neu  could  prevent  the  recovery  of  RARa  protein  to  pretreatment  steady-state  levels. 

Trastuzumab  increased  ATRA  sensitivity  in  Her2-overexpressing  cells  by  increasing  RARa 
protein  expression 

The  antibody  trastuzumab  specifically  blocks  Eler2/neu  function  and  expression  (35-37). 
Thus  we  determined  whether  trastuzumab,  by  blocking  Her2/neu  signaling,  could  increase  RARa 
expression  and  thereby  sensitize  Her2-overexpressing  breast  cancer  cells  to  ATRA.  MDA-MB- 
453  cells,  which  express  high  levels  of  FIer2/neu  (26),  were  treated  with  1  pM  concentration  of 
trastuzumab  for  3  days.  Compared  with  untreated  cells,  MDA-MB-453  cells  treated  with 
trastuzumab  had  lower  levels  of  Her2/neu  but  higher  levels  of  RARa  protein  (Fig.  5A).  The 
sensitivity  of  MDA-MB-453  cells  to  ATRA  was  then  determined  in  the  presence  and  absence  of 


trastuzumab.  When  1  pM  trastuzumab  was  added  to  MDA-MB-453  cells,  growth  was  inhibited 
by  <6%.  When  ATRA  and  trastuzumab  were  added  simultaneously  to  the  cells,  MDA-MB-453 
cells  became  sensitive  to  1  pM  ATRA  (Fig.  5B,  group  II  versus  group  I;  p  =  0.012).  Growth 
inhibition  was  approximately  39%  when  cells  were  incubated  with  ATRA  and  trastuzumab 
simultaneously.  Preincubation  of  MDA-MB-453  cells  with  trastuzumab  for  3  days  could  further 
sensitize  MDA-MB-453  cells  to  ATRA  (Fig.  5B,  group  III  compared  with  group  II).  At  0.1  pM 
ATRA,  growth  inhibition  of  MDA-MB-453  cells  was  only  11%  when  trastuzumab  was  added 
simultaneously  with  ATRA.  However,  when  cells  were  pretreated  with  trastuzumab,  growth 
inhibition  was  increased  to  32%  (p  =  0.018).  Similarly,  increase  in  growth  inhibition  by 
trastuzumab  pretreatment  was  observed  at  1.0  pM  ATRA  concentration  (from  37  to  53%;  p  = 
0.019).  This  increased  growth  inhibition  was  maintained  even  when  cells  were  not  continuously 
exposed  to  trastuzumab  (Fig.  5B,  group  IV)  since  at  0.1  and  1.0  pM  ATRA  concentrations, 
growth  inhibition  was  31  and  58%,  respectively.  There  is  no  statistical  difference  in  the  growth 
inhibitory  values  between  groups  III  and  IV. 

Her2/neu  used  Grb2  and  Akt  proteins  to  induce  ATRA  resistance 

We  have  previously  demonstrated  that  Grb2  protein  is  vital  to  the  proliferation  of  breast 
cancer  cells  that  have  high  expression  levels  of  Her2/neu  or  heregulin  (26,27),  so  we  examined 
whether  Grb2  protein  may  also  be  vital  to  ATRA  sensitivity. 

Liposomal  Grb2  antisense  oligos  (L-Grb2),  but  not  liposomal  control  oligos  (L-control), 
could  downregulate  Grb2  protein  expression  (Fig.  6A;  26,27).  L-Grb2  and  L-control  failed  to 
modulate  the  sensitivity  of  MCF-7/WT  cells  to  ATRA  (Fig.  6B).  However,  both  MCF-7/HER2 


and  MCF-7/HRG  cells  became  sensitive  to  ATRA  in  the  presence  of  12  pM  L-Grb2  (Fig.  6C  and 
D).  At  1  pM  ATRA  concentration,  the  growth  of  MCF-7/HER2  and  MCF-7/HRG  cells  was 
inhibited  by  53  and  72%,  respectively.  These  growth  inhibitory  values  were  significantly  higher 
than  when  MCF-7/HER2  and  MCF-7/HRG  cells  were  incubated  with  L-Grb2  alone  (p  =  0.037 
and  0.006,  respectively).  The  increased  ATRA  sensitivity  was  specific,  because  L-control  did  not 
modulate  the  sensitivity  of  MCF-7/HER2  or  MCF-7/HRG  cells  to  ATRA  (Fig.  6C  and  D).  L- 
Grb2  also  increased  the  sensitivity  of  MDA-MB-453  cells  to  ATRA  (Fig.  6E).  When  MDA-MB- 
453  cells  were  incubated  with  6  pM  L-Grb2  alone,  growth  inhibition  was  32%.  However,  when 
MDA-MB-453  cells  were  coincubated  with  L-Grb2  and  1  pM  ATRA,  growth  inhibition  was 
increased  to  52%  (p  =  0.018). 

We  have  earlier  shown  that  Grb2  protein  regulates  Akt  activity  in  breast  cancer  cells  that 
have  high  levels  of  Her2/neu  or  heregulin  (27).  Since  downregulation  of  Grb2  protein  sensitized 
Her2/neu-overexpressing  breast  cancer  cells  to  ATRA,  inhibition  of  Akt  activity  might  also 
sensitize  breast  cancer  cells  to  ATRA.  We  compared  the  RARa  expression  and  the  ATRA 
sensitivity  of  MDA-MB-453  parental  cells  to  those  stably  transfected  with  the  dominant  negative 
Akt  mutant  (MDA-MB-453/DN  Akt).  MDA-MB-453/DN  Akt  cells  had  a  higher  endogenous 
RARa  expression  level  (Fig.  7A)  and  higher  ATRA  sensitivity  (Fig.  7B)  than  the  parental  MDA- 
MB-453  cells.  Parental  MDA-MB-453  cells  were  insensitive  to  1  pM  ATRA.  But  under  the  same 
conditions,  ATRA  induced  42%  growth  inhibition  in  MDA-MB-453/DN  Akt  cells  (Fig.  7B;  p  < 
0.001). 


1  1 


Discussion 


Our  data  indicate  that  Her2/neu,  when  overexpressed  or  activated,  could  induce  ATRA 
resistance  in  breast  cancer  cells.  Her2/neu  can  induce  tumor  resistance  to  various 
chemotherapeutic  and  biological  agents  (37).  However,  little  is  known  about  the  role  of  Her2/neu 
in  regulating  RARa  expression  level  or  in  regulating  breast  cancer  resistance  to  ATRA.  There  are 
multiple  isoforms  (a,  (3,  y)  of  both  the  RARs  and  the  retinoid  X  receptors  (RXRs)  (38).  ATRA  is 
a  pan-agonist  for  RARs  (33);  upon  binding  to  ATRA,  RARs  and  RXRs  form  heterodimers  and 
bind  to  retinoic  acid  response  elements  found  in  the  promoters  of  target  genes  to  modulate  their 
transcription  (38).  It  has  been  shown  that  in  breast  cancer,  expression  and  activation  of  RARa 
alone  are  sufficient  for  retinoid-mediated  responses  (8).  Here,  we  showed  that  overexpression  of 
Her2/neu  or  its  activating  ligand  heregulin  reduces  RARa  expression  and  induces  ATRA 
resistance.  We  further  demonstrated  that  trastuzumab  could  increase  RARa  expression  and 
resensitize  breast  cancer  cells  to  ATRA. 

Both  Grb2  and  Akt  proteins  are  known  to  be  vital  for  Her2/neu  signaling  (39).  Upon 
activation,  Her2/neu  becomes  tyrosine  phosphorylated  and  binds  to  Grb2  (40).  Grb2  then  links 
Her2/neu  to  the  activation  of  multiple  downstream  signaling  pathways.  Although  overexpression 
of  Grb2  itself  does  not  lead  to  cellular  transformation  (41),  Grb2  is  crucial  for  transformation  and 
proliferation  induced  by  various  tyrosine  kinases,  including  that  of  Her2/neu  (26,27,42). 
However,  Grb2  has  not  been  implicated  in  the  modulation  of  ATRA  or  chemotherapy  sensitivity. 

We  have  shown  that  Grb2  regulates  Akt  activity  in  heregulin-stimulated  and  Her2/neu- 
overexpressing  breast  cancer  cells  (26,27).  Increased  Akt  activity  has  been  found  in  many  types 
of  cancer.  Activation  of  Akt  could  be  due  to  AKT  gene  amplification  (43),  inactivating  mutations 


of  its  suppressor  PTEN  (44),  or  stimulation  by  growth  factors  and  their  receptors  (45-47). 
Regardless  of  the  activation  mechanism,  increased  Akt  activity  can  enhance  proliferation  and 
prolong  cell  survival.  Akt  has  been  found  to  modulate  the  activities  of  multiple  proteins  but  not  to 
regulate  RARa  expression.  We  are  currently  investigating  whether  the  regulation  of  RARa 
expression  is  mediated  directly  by  Akt  or  by  proteins  downstream  of  Akt  and  whether  RARa 
regulation  is  at  the  transcriptional  or  translational  level. 

Her2/neu  may  induce  ATRA  resistance  in  breast  cancer  cells  through  other  mechanisms 
besides  modulating  RARa  expression.  For  example,  transfection  of  c-jun  into  breast  cancer  cells 
increased  AP-1  transcriptional  activity  and  ATRA  resistance  (48).  Higher  basal  AP-1  activity  has 
been  reported  in  cells  that  have  constitutive  activation  of  Her2/neu  (49).  Thus,  Her2/neu  may  also 
induce  ATRA  resistance  by  increasing  AP-1  transcriptional  activity. 

Even  though  ATRA  resistance  had  been  reported  in  both  EGFR-  and  Her2/neu~ 
overexpressing  breast  cancer  cell  lines,  we  did  not  find  EGFR  to  be  directly  involved  in  inducing 
ATRA  resistance  in  breast  cancer  cells.  EGFR  and  Her2/neu  are  family  members  with  a  high 
structural  homology  (50-54).  However,  the  signal  transduction  pathways  they  utilize  are  not 
always  identical.  For  example,  we  found  that  serum  growth  factors  and  Grb2  predominantly 
regulate  Akt  activity  in  Her2/neu-overexpressing  cells,  while  serum  growth  factors  and  Grb2 
predominantly  regulate  Erkl,2  activities  in  EGFR-overexpressing  cells  (26,55).  In  that  context, 
Her2/neu,  but  not  EGFR,  induces  ATRA  resistance  in  breast  cancer  cells. 

Amplification  of  Her2/neu  has  been  correlated  with  poor  prognosis  in  patients  with  breast 
cancer  (9,10).  Thus  therapeutic  strategies  that  aim  to  inhibit  Her2/neu,  such  as  the  trastuzumab 
antibody,  and  the  tumor-suppressor  genes  El  A  and  Pea-3  (56,57),  have  been  developed  to  treat 
such  breast  cancer  patients.  It  has  been  suggested  that  the  therapeutic  potential  of  these  agents 


can  be  further  improved  by  combining  these  agents  with  chemotherapeutic  drugs  (37).  Here  we 
have  identified  a  novel  alternative  therapeutic  strategy  against  Her2/neu-overexpressing  breast 
tumors:  combining  the  biological  agent  ATRA  with  inhibition  of  the  Her2/neu-Grb2-Akt 
pathway. 


Figure  Legend 


Figure  1 .  Overexpression  of  Her2/neu  or  heregulin  inhibited  the  growth  inhibitory  effects  of 
ATRA  in  MCF-7  cells.  (A)  Parental  (MCF-7/WT),  Her2-transfected  (MCF-7/HER2),  and 
heregulin-transfected  (MCF-7/HRG)  cells  were  plated  at  1  X  103  cells/well  in  96-well  plates  in 
DMEM/F12  medium  +  5%  FBS.  (B)  Vector-transfected  (MCF-7/V)  and  EGFR-transfected 
(MCF-7/EGFR)  cells  were  plated  at  1.5  X  103  cells/well  in  96-well  plates  in  phenol  red-free 
DMEM/F12  medium  +  10%  CSS.  All  cell  lines  were  incubated  with  increasing  doses  of  ATRA 
(0-1000  nM)  for  5  days.  Cell  growth  and  viability  were  determined  by  the  CellTiter  96  AQueous 
nonradioactive  proliferation  assay.  Growth  of  treated  cells  was  compared  with  that  of  untreated 
cells;  results  are  expressed  as  percentage  of  untreated  cells.  Each  data  point  represents  an  average 
of  triplicate  wells  ±  standard  deviation.  Insets,  (A)  Western  blot  was  used  to  determine  the 
expression  levels  of  HER2/neu,  heregulin,  and  ERcc  in  MCF-7/WT,  MCF-7/HER2,  and  MCF- 
7/HRG  cells;  (B)  Western  blot  was  used  to  determine  the  expression  levels  of  EGFR  and  ERa  in 
MCF-7/V  and  MCF-7/EGFR  cells. 


Figure  2.  Heregulin  reduced  the  sensitivity  of  MCF-7  cells  to  ATRA.  MCF-7  cells  were  plated  at 
1.5  X  103  cells/well  in  96-well  plates  in  DMEM/F12  medium  +  5%  FBS.  After  overnight 
adherence,  the  medium  was  changed  to  phenol  red-free  DMEM/F12  medium  +  10%  CSS.  MCF- 
7  cells  were  treated  with  increasing  doses  of  ATRA  (0-1000  nM)  in  the  presence  or  absence  of 
heregulin  (100  ng/ml).  After  5  days,  cell  growth  and  viability  were  determined.  The  growth  of 
treated  cells  was  compared  with  that  of  untreated  cells  cultured  under  the  same  conditions;  results 
are  expressed  as  percentage  of  untreated  cells.  Each  data  point  represents  an  average  of  triplicate 


wells  ±  standard  deviation.  Mest  (at  95%  confidence)  was  used  to  determine  the  statistical 
significance  of  the  cells  treated  with  the  same  doses  of  ATRA  in  the  absence  and  the  presence  of 
heregulin  (*,  p  <  0.05). 

Figure  3.  Her2/neu  and  heregulin  reduced  RARa  protein  expression.  Protein  lysates  were 
obtained  from  untreated  exponentially  growing  cells.  Western  blots  were  performed  to  determine 
the  expression  of  RARa,  RAR(J,  RARy  proteins.  Densitometric  scans  were  performed  on  western 
blots  to  measure  the  ratio  of  RARa  to  P-actin.  The  percentage  of  RARa  expression  was 
calculated  as  (ratio  of  RARa  to  p-actin  in  transfected  cells/ratio  of  RARa  to  P-actin  in  parental 
cells)  x  100. 

Figure  4.  Her2/neu  suppressed  the  recovery  of  RARa  protein  upon  ATRA  incubation.  Four 
hundred  thousand  MCF-7/WT  cells  and  MCF-7/HER2  cells  each  were  plated  in  T-25  flasks  in 
DMEM/F12  medium  +  5%  FBS.  Cells  were  treated  with  1  pM  concentration  of  ATRA  for  0,  2, 
24,  and  48  h.  MCF-7/WT  protein  lysates  (25  pg)  and  MCF-7/HER2  protein  lysates  (40  pg)  were 
used  for  western  blots.  Densitometric  scans  were  performed  on  western  blots  to  measure  the  ratio 
of  RARa  to  P-actin.  The  expression  levels  of  RARa  protein  were  normalized  to  100%  in 
untreated  parental  and  untreated  transfected  cells. 

Figure  5.  Trastuzumab  increased  RARa  expression  and  ATRA  sensitivity  in  MDA-MB-453 
cells.  (A)  Two  hundred  thousand  MDA-MB-453  cells  were  plated  in  T-25  flasks.  After  3  days  of 
incubation,  protein  lysates  (25  pg)  were  obtained  from  untreated  and  trastuzumab  (1  pM)-treated 
MDA-MB-453  cells.  Western  blots  were  performed  to  determine  the  expression  levels  of 


Her2/neu  and  RARa  proteins  in  the  cell  lysates.  (B)  MDA-MB-453  cells  were  plated  at  2000 
cells/well  in  96- well  plates  and  were  incubated  with  ATRA  (0,  0.01,  0.10,  and  1.00  pM 
concentrations)  in  the  absence  (group  I)  and  presence  of  trastuzumab  (group  II).  MDA-MB-453 
cells  were  pretreated  with  trastuzumab  (groups  III  and  IV)  as  described  in  Panel  A.  Cells  were 
then  replated  at  2000  cells/well  in  96-well  plates  before  incubated  with  ATRA.  Trastuzumab  was 
continuously  given  to  group  III  but  not  to  group  IV.  Cell  growth  and  viability  were  determined. 
Growth  of  treated  cells  was  compared  with  that  of  untreated  cells  cultured  under  the  same 
conditions;  results  were  expressed  as  percentage  of  untreated  cells.  Each  bar  represents  the 
average  of  quadruplicate  wells  ±  standard  deviation,  t- test  was  used  to  determine  the  statistical 
significance  (at  95%  confidence)  between  the  cells  treated  with  trastuzumab  only  and  the  cells 
treated  with  the  trastuzumab  and  ATRA  combination  (*,  p  <  0.05). 


Figure  6.  L-Grb2  increased  ATRA  sensitivity  in  breast  cancer  cells  that  have  high  levels  of 
Her2/neu  or  heregulin.  (A)  MDA-MB-453  cells,  plated  at  1  X  105  cells/well  in  a  6- well  plate, 
were  treated  with  10  pM  L-Grb2  or  L-control  for  3  days.  Cell  lysates  were  obtained,  and  western 
blot  was  performed  to  determine  Grb2  protein  expression.  (B-D)  Parental  and  transfected  MCF-7 
cells  were  plated  at  2000  cells/well  in  96-well  plates  and  incubated  with  increasing  doses  of 
ATRA  (0  -  2.5  pM)  in  the  presence  and  absence  of  12  pM  concentration  of  L-Grb2  or  L-control. 
After  5  days  of  incubation,  cell  growth  and  viability  were  determined.  (E)  MDA-MB-453  cells 
were  plated  in  T-25  flasks  at  2  X  105  cells/flask  and  preincubated  with  6  pM  of  L-Grb2  or  L- 
control  for  3  days.  MDA-MB-453  cells  were  then  replated  at  2000  cells/well  in  96-well  plates 
before  incubated  with  ATRA  and  L-Grb2  or  L-control.  After  5  days  of  incubation,  cell  growth 


and  viability  were  determined.  Growth  of  treated  cells  was  compared  with  that  of  untreated  cells; 
results  are  expressed  as  percentage  of  untreated  cells  ±  standard  deviation.  Each  bar  represents  an 
average  of  triplicate  wells  ±  standard  deviation,  /-test  was  used  to  determine  the  statistical 
significance  (at  95%  confidence)  between  the  cells  treated  with  L-Grb2  only  and  the  cells  treated 
with  the  L-Grb2  and  ATRA  combination  (*,  p  <  0.05). 

Figure  7.  MDA-MB-453  cells  transfected  with  the  DN  Akt  gene  have  higher  RARa  protein 
expression  and  are  more  sensitive  to  ATRA  than  their  parental  counterparts.  (A)  Protein  lysates 
were  obtained  from  parental  MDA-MB-453  cells  and  its  variant  transfected  with  the  HA -tagged 
cDNA  encoding  the  DN  Akt  gene  (MDA-MB-453/DN  Akt).  Western  blots  were  performed  to 
determine  RARa  protein  expression.  (B)  Parental  MDA-MB-453  cells  and  MDA-MB-453/DN 
Akt  cells  were  plated  at  1000  cells/well  in  96-well  plates  before  incubated  with  1  pM 
concentration  of  ATRA  for  5  days.  Cell  growth  and  viability  were  determined.  Growth  of  treated 
cells  was  compared  with  that  of  untreated  cells;  results  are  expressed  as  percentage  of  untreated 
cells.  Each  bar  represents  an  average  of  triplicate  wells  ±  standard  deviation,  /-test  (at  95% 
confidence)  was  used  to  determine  the  statistical  significance  of  the  two  treatment  groups  (*,  p  < 
0.05). 
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Heregulin  pi  (HRG),  a  combinatorial  ligand  for  human  growth  factor  receptors  3  and  4,  is  a  regulatory 
polypeptide  that  promotes  the  differentiation  of  mammary  epithelial  cells  into  secretory  lobuloalveoli.  Emerg¬ 
ing  evidence  suggests  that  the  processes  of  secretory  pathways,  such  as  biogenesis  and  trafficking  of  vesicles  in 
neurons  and  adipose  cells,  are  regulated  by  the  Rab  family  of  low-molecular-weight  GTPases.  In  this  study,  we 
identified  Rab3A  as  a  gene  product  induced  by  HRG.  Full-length  Rab3A  was  cloned  from  a  mammary  gland 
cDNA  library.  We  demonstrated  that  HRG  stimulation  of  human  breast  cancer  cells  and  normal  breast 
epithelial  cells  induces  the  expression  of  Rab3A  protein  and  mRNA  in  a  cycloheximide-independent  manner. 
HRG-mediated  induction  of  Rab3A  expression  was  blocked  by  an  inhibitor  of  phosphatidylinositol  3-kinase  but 
not  by  inhibitors  of  mitogen-activated  protein  kinases  p38MAPK  and  p42/44MAPK.  Human  breast  epithelial  cells 
also  express  other  components  of  regulated  vesicular  traffic,  such  as  rabphilin  3A,  Doc2,  and  syntaxin.  Rab3A 
was  predominantly  localized  in  the  cytosol,  and  HRG  stimulation  of  the  epithelial  cells  also  raised  the  level  of 
membrane-bound  Rab3A.  HRG  treatment  induced  a  profound  alteration  in  the  cell  morphology  in  which  cells 
displayed  neuron-like  membrane  extensions  that  contained  Rab3A-coated,  vesicle-like  structures.  In  addition, 
HRG  also  promoted  the  secretion  of  cellular  proteins  from  the  mammary  epithelial  cells.  The  ability  of  HRG 
to  modify  exocytosis  was  verified  by  using  a  growth  hormone  transient-transfection  system.  Analysis  of  mouse 
mammary  gland  development  revealed  the  expression  of  Rab3A  in  mammary  epithelial  cells.  Furthermore, 
expression  of  the  HRG  transgene  in  Harderian  tumors  in  mice  also  enhanced  the  expression  of  Rab3A.  These 
observations  provide  new  evidence  of  the  existence  of  a  Rab3A  pathway  in  mammary  epithelial  cells  and 
suggest  that  it  may  play  a  role  in  vesicle  trafficking  and  secretion  of  proteins  from  epithelial  cells  in  response 
to  stimulation  by  the  HRG  expressed  within  the  mammary  mesenchyma. 


In  many  eukaryotic  cells,  the  secretion  of  biomolecules  is 
mediated  through  both  the  constitutive  and  regulated  trans¬ 
port  of  vesicles  (34).  Constitutive  exocytosis  is  characterized  by 
the  continuous  flow  and  fusion  of  vesicles  to  the  plasma  mem¬ 
brane  immediately  after  synthesis  of  these  vesicles;  regulated 
exocytosis  involves  triggered  fusion  of  preformed  vesicles  (9). 
The  mammary  epithelium  secretes  several  proteins  at  the  time 
of  differentiation.  Current  evidence  suggests  that  these  pro¬ 
teins  are  secreted  through  both  constitutive  and  regulated  se¬ 
cretory  pathways  in  the  mammary  epithelium  (28,  41).  Very 
little  is  known,  however,  about  the  mechanisms  of  regulated 
secretion  in  the  mammary  gland  or  the  nature  of  the  molecular 
players  involved  in  such  processes. 

The  Rab  family  of  GTP-binding  proteins  has  been  impli¬ 
cated  in  vesicular  trafficking  in  eukaryotic  cells  (16,  37).  Many 
Rab  family  members  are  expressed  in  all  mammalian  cell  types. 
The  expression  of  Rab3A,  however,  is  generally  restricted  to 
certain  types  of  cells  and  organs,  e.g.,  in  neuronal,  neuroendo¬ 
crine,  and  adipose  cells  involved  in  regulated  exocytosis.  Reg¬ 
ulated  exocytosis,  studied  extensively  in  the  neuronal  system,  is 
involved  in  cellular  functions,  such  as  neurotransmitter  release, 
neuroendocrine  hormone  release,  and  zymogen  secretion  (18, 
39).  There  are  four  members  of  the  Rab3  subfamily:  Rab3A, 
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Rab3B,  Rab3C,  and  Rab3D.  Rab3A  and  -C  are  expressed 
predominantly  in  brain  and  neuroendocrine  cells  (15),  Rab3D 
is  widely  expressed  in  adipocytes  (4),  and  Rab3B  is  expressed 
in  epithelial  cells  (29).  Nonneuronal  expression  of  Rab3A  in 
adipocytes  (5)  and  in  the  parathyroid  gland  (23)  has  been 
reported.  Although  the  role  of  Rab3A  in  the  neuronal  system 
is  well  known,  nothing  is  known  about  the  potential  role  of 
Rab3A  in  mammary  gland  secretion. 

Mammary  gland  development  proceeds  in  distinct  stages  de¬ 
fined  by  the  hormonal  status  of  the  animal  (21).  Heregulin  pi 
(HRG),  a  combinatorial  ligand  for  human  epidermal  growth 
factor  (HER)  receptors  3  and  4,  is  a  secretory  polypeptide  that 
affects  growth  stimulation  and  the  differentiation,  invasiveness, 
and  migration  of  breast  cancer  cells  (1,  8,  25,  30,  33,  45).  HRG 
is  known  to  be  expressed  in  the  mammary  mesenchyma  adja¬ 
cent  to  lobuloalveolar  structures  and  is  maximally  expressed 
during  pregnancy  (33).  HRG  plays  a  role  in  the  morphogenesis 
and  ductal  migration  of  mammary  epithelial  cells  (33,  45). 
HRG  also  promotes  the  in  vitro  responsiveness  of  mammary 
epithelial  cells  to  lactogenic  hormones  (30).  The  ectopic  deliv¬ 
ery  of  HRG  to  the  fat  pad  via  implanted  pellets  induces  the 
differentiation  of  the  mammary  epithelium  into  secretory  lobu¬ 
loalveoli  (25).  The  mechanism  by  which  HRG  affects  the  se¬ 
cretory  phenotype  of  mammary  epithelial  cells  remains  unex¬ 
plored. 

In  this  study,  we  investigated  the  possible  role  of  HRG  in 
regulated  exocytosis  in  mammary  epithelial  cells.  Our  results 
demonstrated  the  expression  of  Rab3A  in  both  cancerous  and 
normal  mammary  epithelial  cells  and  showed  that  HRG  pro- 
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motes  the  accumulation  of  Rab3A-associated  vesicles  and 
makes  cells  competent  for  regulated  exocytosis  in  mammary 
epithelial  cells. 


MATERIALS  AND  METHODS 

Cell  cultures  and  reagents.  MCF-7  human  breast  cancer  cells  (1)  were  main¬ 
tained  in  Dulbccco’s  modified  Eagle’s  mcdium-F12  (1:1)  supplemented  with 
10%  fetal  calf  scrum.  HC11  mouse  epithelial  cells  (generously  provided  by 
Daniel  Madina,  Baylor  College  of  Medicine,  Houston,  Tex.)  were  maintained  in 
RPMI  1640  medium  supplemented  with  8%  fetal  calf  serum,  10  ng  of  EGF  per 
ml  and  5  jug  of  insulin  per  ml.  Antibodies  against  Rab3A  and  vinculin  were 
purchased  from  Santa  Cruz  (Santa  Cruz,  Calif.)  and  Sigma  Chemical  Company 
(St.  Louis,  Mo.),  respectively.  Antibodies  against  cytokeratin  5  and  T7  were  from 
Novagcn  (Milwaukee,  Wis.).  Antibody  against  HER2  was  purchased  from  Neo- 
markers  (Fremont,  Calif.).  Lactogenic  hormone  treatment  and  preparation  of 
competent  HC1 1  cells  were  performed  according  to  Martc  ct  al.  (30). 

Cell  extracts,  immunoblotting,  and  immunoprecipitation.  For  preparation  of 
cell  extracts,  cells  were  washed  three  times  with  phosphatc-butfered  saline  and 
lysed  in  radioimmunoprecipitation  assay  buffer  supplemented  with  100  mM  NaF, 
200  |xM  NaV05, 1  mM  phenyl methylsulfonyl  fluoride,  lO-jig  of  leupeptin  per  ml, 
and  10  pg  of  aprotinin  per  ml  for  15  min  on  ice.  The  lysates  were  centrifuged  in 
an  Eppcndorf  centrifuge  at  4°C  for  30  min.  Cell  lysates  were  resolved  on  a 
sodium  dodccyl  sulfate  (SDS)-10%  polyacrylamide  gel,  transferred  to  nitrocel¬ 
lulose,  and  probed  with  the  appropriate  antibodies,  using  an  enhanced  chemi¬ 
luminescence  method  (6). 

Cloning  and  construction  of  Rab3A  cDNA.  A  mammary  gland  DNA  library  in 
the  pcDNA3  vector  was  purchased  from  Invitrogen.  Bacterial  clones  (106)  were 
screened  with  a  32P-labclcd,  303-bp,  Rab3A-spedfic  probe  generated  from  re¬ 
verse  transcription  (RT)-PCR  using  MCF-7  cell  total  RNA.  Filters  were  hybrid¬ 
ized  under  high-stringency  conditions  (50%  formamide  buffer),  washed,  and 
developed  by  autoradiography.  Positive  clones  were  purified  and  sequenced.  An 
open  reading  frame  of  Rab3A  was  isolated  by  PCR  using  1.3-kb  cDNA  isolated 
from  mammary  gland  and  subcloned  into  pcDNA3. 1/HIS  (Invitrogen)  to  gener¬ 
ate  T7-taggcd  Rab3A  (primers:  forward,  5'-AAGATGGCATCGGCCACAGA- 
3';  reverse,  5'-CTCGCAGGCGCAGTCC-3'). 

RT-PCR  and  Northern  blot  analysis.  RT-PCR  was  performed  using  the  Ac¬ 
cess  RT-PCR  system  (Promcga,  Madison,  Wis.)  per  the  manufacturer’s  instruc¬ 
tions.  The  following  primers  were  used  for  Rab3A:  forward  (288  to  313),  5'-T 
ACCGGACCATCACCACCGCATAC-3 ' ;  reverse  (591  to  565),  5'-CAGATGA 
C ATCC ACCAGGCGCTCAA A-3 ' .  Total  cytoplasmic  RNA  (20  jxg)  was 
analyzed  by  Northern  blot  analysis  using  either  303-bp  Rab3A-specific  PCR 
product  or  1.3-kb  Rab3A  cDNA  probe. 

Membrane  fractionation.  Serum-starved  MCF-7  cells  (3  x  107)  were  treated 
with  or  without  HRG  (30  ng/ml)  for  8  h.  Cells  were  scraped  and  resuspended  in 
300  jjl!  of  ice-cold  hypotonic  buffer  containing  20  mM  HEPES,  5  mM  KCI,  1.5 
mM  MgCl2,  1  mM  dithiothrcitol,  and  protease  inhibitor  cocktail.  Cells  were 
processed  in  a  glass  homogenizer  and  centrifuged  at  3,000  rpm  (Eppendorf)  for 
5  min.  The  resulting  postnuclcar  supernatant  was  centrifuged  at  10,000  X  g  for 
1  h,  and  the  obtained  pellet  was  designated  the  membrane  portion.  The  mem¬ 
brane  pellet  was  resuspended  in  SDS  buffer  (the  volume  equal  to  that  of  the 
cytosol  fraction),  and  an  aliquot  (40  |xl)  was  subjected  to  SDS-polyacrylamide 
gel  electrophoresis  (PAGE). 

Triton  X-114  fractionation  was  performed  as  described  by  Bordier  (7).  Triton 
X-114  (final  concentration,  0.1%  [vol/vol])  was  added  to  the  postnuclcar  super¬ 
natant  from  the  MCF-7  cells  (3  x  I07)  and  incubated  on  ice  for  30  min.  Liquid 
phases  were  allowed  to  separate  by  keeping  the  samples  at  37°C  for  5  min, 
followed  by  centrifugation  for  5  min.  The  proteins  in  aqueous  and  detergent 
phases  were  precipitated  with  trichloroacetic  acid  and  were  solubilized  in  100  jjlI 
of  1 X  SDS  buffer;  40  jxl  of  the  sample  was  analyzed  by  SDS-PAGE. 

Assays  for  protein  synthesis  and  secretions.  Subconflucnt  cultures  in  six-well 
plates  were  scrum  starved  for  4  days  and  stimulated  with  HRG  for  6  h.  Some 
cultures  were  incubated  with  inhibitors  LY294002  (20  jxM),  PD98059  (20  jiM), 
and  SB203580  (20  pJM)  for  30  min  before  the  addition  of  HRG.  Cellular  proteins 
were  metabolically  labeled  with  [35S]mcthionine  (10  jxCi/ml  of  medium)  during 
the  last  4  h  of  HRG  treatment.  Treatment  was  carried  out  in  1  ml  of  medium. 
Proteins  secreted  into  the  culture  supernatants  were  analyzed  by  loading  100  jxl 
of  the  conditioned  medium  onto  SDS-polyacrylamide  gels,  followed  by  fluorog- 
raphy. 

GH  secretion  assays.  The  growth  hormone  (GH)  release  assay  was  performed 
according  to  the  method  described  by  Wick  ct  al.  (44).  Cells  were  transfected 
with  1  |xg  of  pXGH5  plasmid  by  using  Fugene6  (Boehringcr)  and  were  treated 
24  h  later  with  HRG  (30  ng/ml)  for  3  days  without  serum.  Cells  were  washed  once 
with  a  low-salt  solution  (140  mM  NaCl-4.7  mM  KC1-2.5  mM  CaCI2-1.2  mM 
MgS04-1.2  mM  KH2PO4-20  mM  HEPES  [pH  7.4]-ll  mM  glucose)  and  incu¬ 
bated  for  20  min  in  a  high-salt  solution  (same  as  the  low-salt  solution  except  for 
60  mM  KCI  and  80  mM  NaCI).  The  amount  of  GH  released  into  the  medium  was 
measured  using  a  radioimmunoassay  kit  (Nichols  Institute,  San  Juan  Capistrano, 
Calif.). 

Immunohistochemistry  and  immunofluorescence  confocal  studies.  Mouse 
mammary  glands  from  different  stages  of  development  were  cut  out,  fixed  with 


A 


500 

bp 


S 

Q  < 
fc  5s  b.  2  « 

t  O  S  <2  g 
Innnu. 


B 

MCF-7- 
HRG  (h)  0  4  24  ft. 

GAPDH 

Rab3A 

Rab3A 
(Southern) 


HRG  (h) 


D 


GAPDH 

Rab3A 

E 


HRG  (h)  Z 
0  6  12  24  3. 


Rab3A 

Rab3B 


Eh  Q  <  <  §5 

w  S  g  @  ?  3 

S  h  S  S  eo  w 


Rab3A 


FIG.  1.  Identification  of  Rab3A  as  an  HRG-inducible  gene.  (A)  RT-PCR 
analysis  of  three  genes  initially  identified  in  the  gene  array  filter.  — ,  untreated;  +, 
HRG  treated  for  6  h;  TOB,  transducer  of  ErbB-2;  PUF,  c-myc  transcription 
factor.  (B)  Kinetics  of  Rab3A  expression  in  HRG-stimulated  MCF-7  cells.  Ex¬ 
pression  was  analyzed  by  RT-PCR  and  subjected  to  Southern  hybridization  with 
a  rat  Rab3A  cDNA  (18).  GAPDH,  glyceraldehyde-3-phosphate  dehydrogenase. 
(C)  Northern  blot  analysis  of  Rab3A  in  HRG-trcatcd  MCF-7  cells  using  a  303-bp 
Rab3A  probe.  (D)  Scrum-starved  cells  were  treated  with  HRG,  and  Rab3A 
expression  was  analyzed  by  Western  blotting.  Rat  brain  extract,  positive  control. 
(E)  Western  blot  analysis  of  Rab3A  protein  in  breast  cancer  cell  lines. 


10%  neutral  buffered  formaldehyde,  and  processed  routinely  into  paraffin  sec¬ 
tions.  The  expression  of  Rab3A  in  paraffin  sections  was  revealed  by  using  the 
peroxidase-antiperoxidase  method.  Briefly,  the  sections  were  deparaffin ized  with 
xylene  and  rehydrated  with  graded  ethanol.  The  sections  were  then  incubated 
with  rabbit  anti-Rab3A  (1:50)  for  2  h,  goat  anti-rabbit  immunoglobulin  G  (1:100) 
for  1  h,  and  rabbit  peroxidase-antiperoxidase  (1:200)  for  1  h  at  room  tempera¬ 
ture.  The  staining  was  visualized  with  diaminobenzidine-H202  and  counter- 
stained  with  hematoxylin.  For  specificity  control,  the  sections  were  stained  with 
antigen-preabsorbed  antibodies.  For  immunofluorescence  studies,  cells  were 
transfected  with  T7-tagged  Rab3A,  and  localization  of  Rab3A  was  visualized 
using  indirect  immunofluorescence  as  previously  described  (1). 

Transgenic  studies.  A  breeding  pair  of  HRG-transgenic  mice  were  kindly 
provided  by  Philip  Leder  (27).  The  genotype  of  the  animals  was  confirmed  by 
Southern  blotting  of  tail  DNA.  About  50%  of  transgenic  offspring  showed  hy¬ 
perplasia  of  the  Hardcrian  gland,  as  reported  earlier  (27).  Hyperplastic  Hard- 
erian  glands  from  transgenic  lines  and  normal  Hardcrian  glands  from  wild-type 
animals  were  dissected  and  processed  for  RNA  extraction  using  the  Trizol 
method.  Paraffin  sections  of  the  glands  were  also  obtained  with  10%  parafor¬ 
maldehyde  fixation.  Sections  were  stained  with  Rab3A  polyclonal  antibody.  Ex¬ 
pression  of  HRG  and  Rab3A  was  analyzed  by  RT-PCR.  The  HRG  primers  were 
as  follows:  forward,  5'-ATGTCTGAGCGCAAAGAAGGCAGA-3';  and  re¬ 
verse,  5  '-TTGCrGATCACTTTGCACATATAC-3' . 

RESULTS 

Identification  of  Rab3A  as  an  HRG-inducible  gene  product. 

To  identify  HRG-regulated  genes  in  mammary  epithelial 
cells,  we  screened  MCF-7  cells  for  inducible  genes  using  Atlas 
cDNA  expression  arrays  (Clontech).  Total  RNA  was  isolated 
from  control  cells  and  HRG-treated  MCF-7  cells,  and  cDNAs 
were  generated  by  using  a  reverse  transcriptase  in  the  presence 
of  [a-32P]deoxycytidine  triphosphate  and  were  hybridized  to 
gene  array  filters.  This  screening  identified  Rab3A  as  an  HRG- 
inducible  gene  in  breast  epithelial  cells  (Fig.  1A).  RT-PCR 
analysis  demonstrated  a  time-dependent  stimulation  of  Rab3A 
mRNA.  The  identity  of  the  amplified  band  was  confirmed  by 
sequencing  and  Southern  analysis  (Fig.  IB).  When  a  303-bp 
PCR  probe  was  used  for  Rab3A,  Northern  blot  analysis  showed 
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FIG.  2.  HRG  regulates  the  localization  of  Rab3A.  (A)  Northern  blotting  analysis  of  Rab3A  in  MCF-7  cells  using  a  full-length  Rab3A  eDNA  isolated  from  a 
mammary  gland  eDNA  library.  (B)  Transient  expression  of  T7-taggcd  Rab3A  in  MCF-7  cells.  (Upper  panel)  Immunoblotting  with  a  T7  monoclonal  antibody.  (Lower 
panel)  The  above  blot  was  stripped  and  reprobed  with  a  Rab3A  antibody  which  recognizes  both  T7-tagged  and  endogenous  Rab3A.  IB,  immunoblotting;  S,  sense 
construct;  AS,  antisense  construct.  Asterisks  show  the  T7-taggcd  Rab3A  protein  band.  (C  to  F)  MCF-7  cells  were  transiently  transfected  with  T7-Rab3A  (C  and  E) 
and  treated  with  HRG  for  6  h  (D  and  F).  Localization  of  T7-Rab3A  was  visualized  by  immunostaining  and  confocal  microscopy  (X65  magnification).  Arrows  point 
to  the  neuron-like  membrane  extensions  observed  in  HRG-trcated  cells.  CON,  control. 


a  significant  increase  in  the  steady-state  levels  of  1.3-kb  mRNA 
for  Rab3A,  with  maximal  induction  occurring  6  to  12  h  after 
HRG  treatment  (Fig.  1C).  Since  there  was  no  precedent  of 
growth  factor-inducible  upregulation  of  Rab3A  in  breast  cells, 
the  experiment  was  independently  repeated  three  times  and 
similar  results  were  obtained  each  time.  The  observed  increase 
in  Rab3A  mRNA  was  accompanied  by  an  enhancement  in  the 
level  of  26-kDa  Rab3A  (Fig.  ID).  The  expression  of  Rab3A 
was  easily  detectable  in  human  breast  cancer  cell  lines  (Fig. 
IE).  Taken  together,  these  results  suggest  that  Rab3A  is  ex¬ 
pressed  in  MCF-7  cells  and  may  be  upregulated  by  HRG. 

Expression  of  Rab3A  in  mammary  epithelial  cells.  To  con¬ 
firm  the  expression  of  Rab3A  in  mammary  cells,  we  screened 
a  human  mammary  gland  eDNA  library  with  the  PCR  probe 


obtained  from  the  RT-PCR.  Screening  resulted  in  the  isolation 
of  nine  positive  clones  ranging  from  1.2  to  1.3  kb.  Comparison 
of  the  DNA  sequence  of  isolated  Rab3A  eDNA  clones  with 
those  in  GenBank  revealed  that  the  sequences  were  100%  iden¬ 
tical  to  human  Rab3A  (GenBank  accession  number  M28210). 
The  full-length  1.3-kb  Rab3A  eDNA  was  used  to  reconfirm  the 
HRG-induced  upregulation  of  Rab3A  mRNA  (Fig.  2A).  Next, 
we  studied  HRG  regulation  of  Rab3A  using  immunostaining 
and  confocal  microscopy.  We  used  a  T7-tagged  Rab3A  expres¬ 
sion  vector.  The  1.3-kb  eDNA  that  was  isolated  from  mammary 
glands  contained  a  full-length  open  reading  frame  of  Rab3A, 
which  was  subcloned  into  pcDNA3.1  to  obtain  the  T7  epitope- 
tagged  Rab3A  expression  vector.  Expression  of  T7-tagged 
Rab3A  was  verified  by  transient  transfection  into  MCF-7  cells 
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FIG.  3.  Distribution  of  Rab3A  in  MCF-7  cells.  (A)  Cytosol  (Cyto.)  and 
membrane  (Mem.)  fractions  from  control  (-)  and  HRG-treated  (+)  (30  ng/ml, 
8  h)  cells  were  analyzed  by  Western  blotting.  (B)  Postnuclear  supernatants  from 
control  (-)  and  HRG-treated  (+)  (8  h)  cells  were  extracted  with  Triton  X-114 
as  described  (7).  The  levels  of  Rab3A  present  in  aqueous  (lanes  1  and  2)  and 
detergent  (lanes  3  and  4)  phases  were  determined  by  Western  blotting. 


and  by  Western  blot  analysis  using  a  T7  monoclonal  antibody 
(Fig.  2B).  MCF-7  cells  were  transiently  transfected  with  T7- 
Rab3A  and  treated  with  HRG.  Control  MCF-7  cells  exhibited 
Rab3A  staining  localized  on  punctate  structures  that  were  dis¬ 
tributed  randomly  in  the  cytosolic  compartment  and  resembled 
secretory  vesicles.  A  similar  pattern  of  punctate  staining  was 
earlier  observed  in  insulin-secreting  HIT-T15  cells  when  Rab3A 
was  overexpressed  (24).  Interestingly,  HRG  treatment  induced 
a  dramatic  change  in  the  cell  morphology:  cells  displayed  neu¬ 
ron-like  membrane  extensions  that  contained  Rab3A-coated, 
vesicle-like  structures  (Fig.  2C).  A  similar  pattern  of  Rab3A- 
coated  structures  was  observed  in  PCI  2  cells  treated  with  nerve 
growth  factor  (10).  There  was  no  vesicle  formation  by  trans¬ 
forming  growth  factor  a,  a  close  relative  of  the  EGF  family  of 
ligands  (data  not  shown).  To  further  confirm  the  role  of  LIRG 
in  vesicle  trafficking,  we  attempted  to  costain  Rab3A  along 
with  another  characterized  protein  associated  with  vesicles, 
such  as  rabphilin  3A  or  Doc2.  However,  since  suitable,  com¬ 
mercially  available  forms  of  these  two  antibodies  had  an  iso¬ 
typic  nature  similar  to  that  of  T7-Rab3A,  this  could  not  be 
accomplished.  Therefore,  as  an  alternate  approach,  we  stained 
the  cells  with  the  Doc2  monoclonal  antibody  alone,  a  molecule 
that  is  implicated  in  regulated  exocytosis  and  expressed  in 
MCF-7  cells.  In  untreated  control  cells,  Doc2  was  primarily 
localized  to  perinuclear  areas  and  HRG  stimulation  resulted  in 
the  appearance  of  an  increased  number  of  punctate  structures 
directed  toward  the  membrane  (data  not  shown).  These  results 
suggested  that  HRG  regulates  both  Rab3A  expression  and 
vesicle  transport  in  breast  epithelial  cells. 

HRG  redistributes  Rab3A  to  membranes.  To  analyze  the 
localization  of  Rab3A  in  mammary  epithelial  cells,  MCF-7 
cells  were  treated  with  or  without  HRG,  and  cell  lysates  were 
fractionated  into  the  cytosol  and  membrane.  Rab3A  was  pre¬ 
dominantly  localized  in  the  cytoplasmic  fraction  in  unstimu¬ 
lated  MCF-7  cells.  However,  HRG  treatment  enhanced  the 
level  of  membrane-bound  Rab3A  (Fig.  3A).  Since  Rab3A  is 
known  to  associate  with  membranes  via  geranylgeranyl  groups 
(19),  we  performed  partitioning  studies  by  using  the  Triton 
X-114  partition  method  (7).  The  Triton  X-114  partition  assay 
has  been  widely  used  to  identify  membrane-associated  gera- 
nylgeranylated  Rab3A  (19).  In  this  assay,  geranylgeranylated 
and/or  farnesylated  proteins  are  recovered  in  the  detergent 
phase,  while  nonprenylated  proteins  are  retained  in  the  aque¬ 
ous  phase.  HRG  treatment  of  cells  was  accompanied  by  a  sig¬ 
nificant  increase  in  the  amount  of  accumulated  Rab3A  in  the 
detergent  phase  (Fig.  3B,  compare  lanes  2  and  4).  Syntaxin  4, 
an  integral  membrane  protein,  was  used  as  an  internal  control. 
It  was  present  only  in  the  detergent  phase,  and  there  was  no 
effect  of  HRG  on  its  level.  These  results  indicate  that  in  addi¬ 
tion  to  its  effect  on  the  synthesis  of  Rab3A,  the  HRG-stimu- 


lated  signaling  pathway  may  have  a  role  in  the  redistribution  of 
Rab3A,  probably  via  geranylgeranylation. 

HRG  signaling  and  Rab3A  expression.  HRG  is  known  to 
stimulate  a  number  of  signaling  pathways,  including  phospha- 
tidylinositol  (PI)  3-kinase  and  the  mitogen-activated  protein 
kinase  p42/44MAPK  and  p38MAPK  pathways  (1,  38).  In  order  to 
delineate  the  nature  of  the  signaling  pathway(s)  leading  to 
upregulation  of  Rab3A  in  HRG-treated  cells,  we  employed 
three  specific  inhibitors,  LY294002,  PD98059,  and  SB203580, 
which  specifically  inhibit  PI  3-kinase,  p42/44MAPK,  and 
p38MAPK,  respectively.  Pretreatment  of  cells  with  LY294002 
but  not  with  PD98059  or  SB203580  completely  blocked  HRG- 
mediated  upregulation  of  Rab3A  (Fig.  4,  compare  lanes  2  and 
4),  suggesting  a  potential  role  for  PI  3-kinase  in  the  observed 
HRG-mediated  induction  of  Rab3A  expression. 

Upregulation  of  Rab3A  expression  by  HRG  and  lactogenic 
hormones  in  normal  mammary  epithelial  cells.  Using  the 
HC11  mouse  model  system,  we  investigated  whether  HRG 
regulates  the  expression  of  Rab3A  in  normal  mammary  epi¬ 
thelial  cells.  The  growth  of  HC11  mammary  epithelial  cells  is 
stimulated  by  HRG,  and  pretreatment  of  these  cells  promotes 
responsiveness  to  lactogenic  hormones  and  enhances  secretion 
of  (3-casein  (30).  HRG  treatment  of  HC11  cells  in  our  study 
significantly  increased  levels  of  Rab3A  mRNA  (Fig.  5A)  and 
Rab3A  protein  (Fig.  5B).  Confocal  analysis  of  HC11  cells 
showed  that  HRG  significantly  induced  cytoplasmic  vesicles 
and  that  transfected  T7-Rab3A  was  distributed  mainly  on  ves¬ 
icles  (Fig.  5C,  upper  panels).  The  control  cells  showed  diffuse 
cytoplasmic  staining.  To  verify  that  the  increased  vesicle  for¬ 
mation  was  not  an  artifact  of  Rab3A  overexpression  by  tran¬ 
sient  transfection,  we  next  employed  a  monoclonal  antibody 
against  Rab3A  to  localize  the  endogenous  Rab3A  and  ana¬ 
lyzed  cells  treated  with  or  without  HRG  by  confocal  micros¬ 
copy.  HRG  treatment  of  HC11  cells  significantly  induced  cell 
shape  changes  and  increased  formation  of  Rab3A-coated  ves¬ 
icles  and  their  translocation  towards  membranes  (Fig.  5C,  low¬ 
er  panels). 

We  next  investigated  whether  the  lactogenic  hormones  dexa- 
methasone,  insulin,  and  prolactin  (DIP),  which  together  in¬ 
duce  differentiation  and  secretion  of  milk  proteins  (30),  could 
also  influence  the  expression  of  Rab3A.  Treatment  of  HC11 
cells  with  DIP  significantly  upregulated  Rab3A  (Fig.  5D).  Nei¬ 
ther  insulin  alone  nor  prolactin  alone  affected  the  level  of 
Rab3A,  but  dexamethasone  alone  induced  Rab3A  expression. 
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FIG.  4.  HRG-mcdiatcd  upregulation  of  Rab3A  requires  the  PI  3-kinasc 
pathway.  MCF-7  cells  were  treated  with  HRG  for  8  h.  Some  cultures  were 
pretreated  with  PI  3-kinasc  inhibitor  LY294002  (20  pM),  p38MAPK  inhibitor 
SB203580  (20  pM),  and  p42/44MAPK  inhibitor  PD98059  (20  pM)  30  min  before 
HRG  treatment.  Expression  of  Rab3A  was  analyzed  by  RT-PCR  followed  by 
agarose  gel  electrophoresis  and  Southern  blotting. 
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FIG.  5.  Expression  and  localization  of  Rab3A  in  normal  mammary  epithelial 
cells.  (A)  Serum-starved  HC11  cells  were  treated  with  HRG  for  6  h,  and  the 
expression  of  Rab3A  was  examined  by  Northern  blot  analysis.  Con,  control. 
CHX,  cyclohcximide.  (B)  Expression  of  Rab3A  protein  in  HC11  cells.  -f  un¬ 
treated;  +  ,  HRG  treated.  (C)  (Upper  panels)  HC11  cells  were  transiently  trans¬ 
fected  with  T7-Rab3A  treated  with  HRG  for  6  h,  and  localization  of  T7-Rab3A 
was  visualized  by  immunostaining  and  confocal  microscopy.  (Lower  panels) 
MCI  1  cells  were  treated  with  or  without  HRG  for  6  h,  and  localization  of 
endogenous  Rab3A  was  visualized  by  immunostaining  with  a  monoclonal  anti¬ 
body  and  by  confocal  microscopy.  CON,  control.  (D)  HC11  cells  were  allowed  to 
become  competent  for  differentiation,  as  described  in  Materials  and  Methods, 
and  were  treated  with  DIP  components  separately  or  together.  Rab3A  expres¬ 
sion  was  analyzed  by  immunoblotting  (IB).  Con,  control. 


kDa  was  induced  by  LY294002,  suggesting  the  involvement  of 
the  PI  3-kinase  pathway  in  the  secretion  of  most  but  not  all 
proteins  in  HRG-treated  cells.  Pretreatment  of  MCF-7  cells 
with  PD98059  or  SB203580  was  also  inhibited  during  the 
HRG-mediated  secretion  of  cellular  proteins,  with  SB203580 
being  more  potent  than  PD98059. 

To  further  visualize  the  effect  of  signaling  inhibitors  on 
HRG-associated  secretory  function,  MCF-7  cells  were  trans¬ 
fected  with  T7-tagged  Rab3A  and  treated  with  various  inhib¬ 
itors  in  the  presence  or  absence  of  HRG,  and  T7-tagged 
Rab3A  was  localized  by  confocal  microscopy  (Fig.  7).  HRG- 
treated  cells  exhibited  an  increase  in  the  number  of  Rab3A- 
associated  vesicles,  and  vesicles  were  predominantly  localized  to 
the  membrane  with  a  number  of  extensions.  In  contrast,  T7- 
Rab3A-coated  vesicles  were  distributed  randomly  in  the  cyto¬ 
plasm  in  cells  treated  with  PD98059  and  LY294002.  Interest¬ 
ingly,  in  SB203580-treated  cells,  T7-Rab3A-coated  vesicles  were 
clustered  in  one  place.  Together,  these  observations  suggest 
that  even  though  PI  3-kinase  was  involved  in  the  HRG  induc¬ 
tion  of  Rab3A,  other  signaling  pathways,  including  p38MAPK  and 
p42/44MAPK,  are  also  involved  in  HRG-mediated  secretion  and 
vesicular  trafficking. 

Expression  of  components  of  regulated  exocytosis  in  human 
and  mouse  mammary  epithelial  cells.  Rab3A  has  been  impli¬ 
cated  in  regulated  exocytosis  in  neuronal  and  endocrine  sys¬ 
tems.  Upregulation  of  Rab3A  expression  by  HRG  and  lacto¬ 
genic  hormones,  each  of  which  promotes  differentiation  of 
mammary  gland  cells,  raises  the  possibility  that  Rab3A  is  also 
involved  in  regulated  exocytosis  in  mammary  epithelial  cells. 
Since  regulated  exocytosis  involves  interaction  among  several 
proteins  on  vesicles,  membranes,  and  cytoplasmic  regulators, 
we  analyzed  mammary  epithelial  cells  for  the  expression  pro¬ 
file  of  proteins  known  to  be  involved  in  regulated  exocytosis  in 
the  neuronal  system.  Mammary  epithelial  cells  express  a  num¬ 
ber  of  proteins  involved  in  regulated  exocytosis,  including  rab- 
philin  3A,  Sec8,  synaptogyrin,  syntaxin  4,  SNAP-25,  rabaptin, 
and  Doc2  (Fig.  8).  However,  we  observed  no  detectable  levels 
of  integral  membrane  proteins,  such  as  synaptogyrin,  synapsin, 
and  complexin. 

Effect  of  HRG  stimulation  on  regulated  secretion  from 
mammary  epithelial  cells.  To  evaluate  the  effect  of  HRG  upon 
regulated  exocytosis,  we  used  a  GH  transient-transfection  sys- 


HRG  enhances  secretion  of  cellular  proteins  from  mam¬ 
mary  epithelial  cells.  Next  we  investigated  whether  HRG 
could  regulate  the  secretion  of  cellular  proteins  from  mam¬ 
mary  epithelial  cells.  To  increase  the  sensitivity  of  the  detec¬ 
tion  system,  we  analyzed  the  accumulation  of  secreted  proteins 
in  the  conditioned  medium  from  metabolically  labeled  cells. 
Three  different  mammary  epithelial  cell  lines  with  different 
levels  of  Rab3A  expression  (MCF-7,  high;  HC11,  medium;  and 
BT-474,  low)  were  used.  HRG  stimulation  of  MCF-7  cells 
resulted  in  a  significant  enhancement  of  several  proteins  in  the 
culture  supernatants  (Fig.  6A,  compare  lanes  within  MCF-7 
column).  Similarly,  HRG  stimulation  of  HC11  also  led  to  se¬ 
cretion  of  cellular  proteins.  However,  in  BT-474  cells,  which 
have  low  levels  of  Rab3A,  the  levels  of  secreted  proteins  were 
significantly  lower  than  those  in  MCF-7  and  HC11  cells. 

To  examine  the  effects  of  signaling  pathways  on  the  secre¬ 
tion  of  proteins  from  HRG-treated  cells,  we  pretreated  cells 
with  signaling  inhibitors  LY294002,  PD98059,  and  SB203580. 
Blockage  of  the  PI  3-kinase  pathway  with  LY294002  was  ac¬ 
companied  by  a  significant  reduction  in  the  ability  of  HRG  to 
induce  the  secretion  of  cellular  proteins.  However,  the  secre¬ 
tion  of  two  proteins  in  the  molecular  mass  range  of  40  to  50 
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FIG.  6.  HRG  induces  secretion  of  cellular  proteins.  (A)  MCF-7,  HC11,  and 
BT-474  cells  were  serum  starved,  labeled  with  [35S]methioninc,  and  treated  with 
HRG  for  6  h.  Conditioned  media  containing  labeled  proteins  were  analyzed  by 
SDS-PAGE.  untreated;  +,  HRG  treated.  (B)  MCF-7  cells  were  pretreated 
with  PI  3-kinasc  inhibitor  LY294002  (20  |xM),  p38MAPK  inhibitor  SB203580  (20 
|jlM),  or  p42/44MAPK  inhibitor  PD98059  (20  jxM)  30  min  before  HRG  treatment. 
Secreted  proteins  were  analyzed.  The  asterisk  indicates  two  protein  bands  which 
arc  secreted  by  HRG  after  blockage  of  the  PI  3-kinase  pathway  with  LY294002. 
Absence  (-)  or  presence  (+)  of  inhibitors  and  HRG  is  indicated.  Molecular 
weights  arc  given  in  thousands  (A  and  B). 


Vol.  20,  2000 


Rab3A  EXPRESSION  IN  MAMMARY  EPITHELIAL  CELLS 


9097 


FIG.  7.  Effect  of  signaling  pathways  on  secretory  functions  in  HRG-treated  cells.  MCF-7  cells  were  transiently  transfected  with  T7-Rab3A  and  treated  with  HRG 
for  6  h.  Where  indicated,  p42/44MAPK  inhibitor  PD98059,  p38MAPK  inhibitor  SB20358,  or  PI  3-kinase  inhibitor  LY294002  was  added  to  the  medium  (final  concentration, 
20  |jlM)  30  min  before  the  addition  of  HRG.  T7-tagged  Rab3A  was  localized  by  confocal  microscopy  (magnification,  X65).  CON,  control.  The  long  arrow  indicates 
the  neuron-like  extensions  seen  in  HRG-treated  cells.  The  short  arrows  indicate  the  clustering  of  vesicles  in  one  place  in  HRG-treated  cells  when  p38MAPK  was  blocked 
by  SB203580. 


tem.  Expressed  GH  is  stored  in  dense-core  vesicles  in  the  reg¬ 
ulated  secretory  pathway  in  chromaffin  granules  and  is  released 
upon  stimulation  of  the  vesicles  with  various  agonists  in  a 
Ca2+-dependent  manner  (11, 44).  MCF-7  and  HC11  cells  were 
transfected  with  pXGH5  (the  GH  plasmid),  which  was  treated 
with  HRG,  and  the  amount  of  GH  protein  released  into  the 
medium  was  analyzed.  HRG-treated  cells  were  stimulated  with 
elevated  potassium  in  the  presence  of  Ca2+.  HRG  treatment 
significantly  potentiated  the  potassium-stimulated  release  of 
GH  into  the  medium  (Fig.  9A).  In  addition,  HRG  treatment  of 
MCF-7  cells  significantly  increased  the  amount  of  secretion  of 
GH  by  the  Ca2+  ionophore  ionomycin  (Fig.  9B).  Pretreatment 
of  HC11  cells  with  HRG  significantly  increased  the  amount  of 
GH  released  into  the  medium  by  the  lactogenic  hormones  DIP 
(Fig.  9C).  To  determine  whether  HRG  alters  Rab3A  expres¬ 
sion’s  effect  on  the  secretory  function,  MCF-7  cells  were  co¬ 
transfected  with  Rab3A  and  GH  plasmids  in  the  presence  or 
absence  of  HRG,  and  secretion  of  GH  into  the  culture  super¬ 
natant  was  measured.  Expression  of  Rab3A  was  accompanied 
by  a  slight  enhancement  in  the  secretion  of  GH.  However, 
expression  of  Rab3A  in  the  presence  of  HRG  resulted  in 
increased  levels  of  secreted  GH  (Fig.  9D,  compare  lane  4  with 
lanes  2  and  3).  These  results  suggested  that  HRG-responsive 
signaling  pathways  participate  in  promoting  secretion  by  HRG, 
in  addition  to  upregulation  of  Rab3A  in  HRG-treated  cells. 

Expression  of  Rab3A  in  mammary  epithelial  cells  in  vivo. 
To  demonstrate  the  expression  of  Rab3A  in  mammary  gland 
cells,  we  isolated  RNA  from  various  stages  of  mammary  gland 
development  and  analyzed  the  expression  of  Rab3A  mRNA  by 
RT-PCR.  Rab3A  expression  was  detected  during  all  stages  of 
mammary  gland  development;  the  level  of  Rab3A  expression 
increased  slightly  during  pregnancy.  Interestingly,  the  mam¬ 
mary  gland  showed  elevated  expression  of  HRG  during  late 
pregnancy  and  early  lactation  (Fig.  10A).  Western  blot  analysis 
of  whole-tissue  lysates  indicated  the  presence  of  Rab3A  in  all 
stages  of  mammary  gland  development  (Fig.  10B).  The  tem¬ 
poral  and  spatial  expression  of  Rab3A  in  the  mammary  gland 
was  assessed  by  using  immunohistochemistry.  Rab3A  was  found 
to  be  present  in  both  ductal  and  alveolar  epithelial  cells  but  not 
in  myoepithelial  cells  through  all  stages  of  mammary  gland 


development.  Rab3A  was  also  seen  in  the  adipose  cells  of  the 
mammary  gland  (Fig.  10C  to  J).  The  specificity  of  the  staining 
was  confirmed  by  blocking  the  staining  with  the  epitope-spe¬ 
cific  peptide.  These  results  confirm  that  mammary  epithelial 
cells  express  Rab3A  in  vivo. 

HRG  regulation  of  Rab3A  expression  in  vivo.  To  evaluate 
the  HRG  modulation  of  Rab3A  in  vivo,  we  used  mouse  mam¬ 
mary  tumor  virus-driven  HRG-transgenic  mice,  which  develop 
mammary  adenocarcinomas  and  Harderian  tumors  (27).  Since 
Harderian  tumors  are  usually  detected  by  3  weeks  of  age,  as 
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FIG.  8.  Mammary  epithelial  cells  express  components  of  regulated  exocyto- 
sis.  MCF-7  and  HC11  cells  were  treated  with  or  without  HRG  (30  ng/ml)  or 
transforming  growth  factor  a  (TGFa)  (30  ng/ml)  or  DIP,  and  ceil  lysates  were 
analyzed  for  expression  of  indicated  proteins  by  Western  blotting  using  specific 
antibodies.  PCi2  and  rat  brain  lysates  were  used  as  positive  controls.  CON, 
control.  Asterisks  indicate  the  endogenous  Rab3A  band. 
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FIG.  9.  Effect  of  HRG  on  regulated  exocytosis  in  mammary  epithelial  cells. 
(A)  MCF-7  cells  were  transiently  transfected  with  pXGH5  (a  reporter  plasmid 
for  exocytosis).  Cells  were  treated  with  cither  HRG  (30  ng/ml)  or  transforming 
growth  factor  a  (TGFa)  (30  ng/ml)  in  serum-free  conditions  for  3  days  and 
stimulated  with  elevated  K '  for  20  min  in  the  presence  of  Ca2+  as  described  (7). 
GH  released  into  the  medium  was  measured  by  radioimmunoassay,  and  results 
arc  presented  as  a  percentage  of  the  control.  (B)  MCF-7  cells  treated  with  or 
without  HRG  were  stimulated  with  ionomycin  (10  p,M)  as  described  for  panel  A. 
(C)  HC1 1  cells  transfected  with  pXGH5  plasmid  were  treated  with  HRG  alone, 
HRG  followed  by  DIP,  and  DIP  alone.  (D)  MCF-7  cells  were  transfected  with 
pXGH5  and  Rah3A  either  alone  or  together,  treated  with  or  without  HRG  for 
72  h  in  serum-free  conditions,  and  stimulated  with  elevated  KT  for  20  min  in  the 
presence  of  Ca ' .  GH  accumulation  in  the  culture  supernatant  was  measured  by 
radioimmunoassay.  The  experiment  was  repeated  three  times  with  similar  re¬ 
sults.  Error  bars  represent  standard  errors  of  the  means  (n  =  3).  Con,  control. 


opposed  to  12  to  16  months  for  mammary  gland  tumors,  we 
used  Harderian  tumors  to  establish  the  proof  of  principle  of 
our  hypothesis  in  vivo.  Interestingly,  overexpression  of  HRG  in 
Harderian  tumors  was  accompanied  by  increased  Rab3A  ex¬ 
pression.  Harderian  glands  from  wild-type  and  HRG-trans- 
genic  mice  were  analyzed  by  RT-PCR  for  the  expression  of 
HRG  and  also  for  Rab3A.  HRG-transgenic  mice  have  signif¬ 
icantly  elevated  levels  of  HRG  transcript  compared  to  those  in 
wild-type  mice  (Fig.  11).  Interestingly,  HRG-transgenic  mice 
also  exhibited  two-  to  threefold  higher  levels  of  Rab3A,  as 
determined  by  Southern  analysis.  Expression  of  Rab3A  was 
also  verified  by  immunostaining  (Fig.  11C).  HRG-transgenic 
mouse  tissue  sections  showed  increased  Rab3A  immunostain¬ 
ing  compared  to  the  tissue  of  wild-type  mice.  Together,  these 
results  imply  a  close  relationship  between  the  expression  of 
HRG  and  Rab3A  in  vivo. 

DISCUSSION 

Rab  GTPases  represent  a  large  family  of  small  G  proteins 
that  play  an  important  role  in  exocytosis,  endocytosis,  and 
vesicular  trafficking  (16).  Rab  proteins,  like  the  Ras  family 
of  proteins,  exist  in  active  (GTP-bound)  and  inactive  (GDP- 
bound)  form;  the  GTP-bound  form  associates  with  vesicles. 
The  conversion  of  GTP  to  GDP  is  regulated  by  GEP  regula¬ 
tory  proteins  (also  called  GDP/GTP  exchange  proteins)  and 
the  GDP  dissociation  inhibitor,  while  the  conversion  of  GTP  to 
GDP  is  regulated  by  GTPase-activating  proteins  (32).  Further, 
Rab  proteins  are  geranylgeranylated  at  their  C  terminus,  and 
this  process  is  required  for  their  membrane  association  (37). 
The  Rab3  subfamily  of  proteins  is  particularly  implicated  in  the 
secretion  of  neuroendocrine  hormones  and  neurotransmitters. 
Very  little  information  is  available  on  Rab3A  expression  and 
potential  secretory  function  in  mammary  epithelial  cells. 

The  results  of  our  study  show  that  Rab3A  is  a  target  of  HRG 
in  mammary  epithelial  cells.  Our  conclusion  that  these  cells 
express  Rab3A  and  that  Rab3A  expression  is  induced  by  HRG 
and  differentiation  of  the  mammary  epithelial  cells  is  based  on 
the  following  evidence,  (i)  HRG  stimulated  the  expression  of 
Rab3A  mRNA,  as  measured  by  using  RT-PCR  and  Northern 
blot  analysis,  (ii)  HRG  increased  the  levels  of  Rab3A  protein, 
(iii)  HRG  and  lactogenic  hormones  enhanced  expression  of 
Rab3A  in  normal  mouse  mammary  epithelial  cells,  (iv)  Full- 


length  Rab3A  cDNA  was  isolated  from  a  human  mammary 
gland  cDNA  library,  (v)  Treatment  of  MCF-7  and  HC1 1  cells 
with  HRG  increased  the  accumulation  of  Rab3A-containing 


FIG.  10.  Expression  of  Rab3A  in  the  mammary  gland  in  vivo.  Mammary 
gland  tissue  was  isolated  from  various  stages  of  mammary  gland  development. 
(A)  Expression  of  Rab3A  and  HRG  analyzed  by  RT-PCR.  (B)  Western  analysis 
of  Rab3A  in  whole-gland  tissue  lysates.  Lactation  2,  second  day  of  lactation.  (C 
to  J)  Immunohistochcmical  demonstration  of  Rab3A  expression  in  various  stages  of 
mammary  gland  development.  Rab3A  was  present  in  the  epithelial  cells  of  the 
ducts  (C)  (virginity),  end  buds  (D  and  I)  (pregnancy),  alveoli  (E  and  F)  (lacta¬ 
tion,  days  2  and  18),  and  involuted  and/or  regressed  mammary  tissues  (G)  but  not 
in  the  myoepithelial  cells,  as  revealed  by  staining  with  the  marker  protein  MK-5 
(H).  A  positive  control  for  Rab3A  antibody  is  shown  (I).  To  create  a  negative 
control,  the  staining  was  blocked  by  preabsorbing  the  primaiy  antibody  with 
synthetic  peptide  (J)  (pregnancy).  Magnification,  X200  (C  to  H);  x  100,  (I  and  J). 


Vol.  20,  2000 


Rab3A  EXPRESSION  IN  MAMMARY  EPITHELIAL  CELLS  9099 


FIG.  11.  HRG  regulation  of  Rab3A  expression  in  vivo.  (A  and  B)  Harderian  glands  from  four  wild-type  (WT)  (lanes  1  to  4)  and  HRG-transgenic  (HRG-Tg)  (lanes 
5  to  8)  mice  were  analyzed  for  HRG  and  Rab3A  expression.  (A)  Expression  of  HRG  was  analyzed  by  RT-PCR.  GIyceraldehyde-3-phosphatc  dehydrogenase  (GAPDH) 
levels  were  used  as  a  loading  control.  (B)  Expression  of  Rab3A  was  analyzed  by  RT-PCR,  followed  by  Southern  blotting.  (C)  Rab3A  immunostaining  analysis  in  the 
representative  Harderian  gland  sections  from  WT  and  HRG-Tg  mice. 


vesicles,  (vi)  There  was  immunohistochemical  localization  of 
Rab3A  in  epithelial  cells  within  the  mammary  gland  sections. 

Early  studies  showed  that  HRG  induces  differentiation  in 
mammary  epithelial  cells  (30).  Differentiation  and  secretion  of 
proteins  are  essential  functions  of  mammary  gland  cells.  Our 
data  showing  that  HRG  induces  expression  of  Rab3A  and 
makes  cells  competent  to  release  stored  secretory  proteins 
suggest  that  HRG  may  use  Rab3A  to  make  mammary  epithe¬ 
lial  cells  competent  for  differentiation.  Our  data  also  imply  that 
extracellular  molecules  secreted  from  the  mammary  epithelial 
cells  may  be  controlled  by  regulated  exocytosis.  Using  the  cal¬ 
cium  ionophore  ionomycin,  Turner  et  al.  (41)  showed  that  lac- 
tating  mammary  cells  possess  both  Ca2^  pathways  and  Ca2+- 
independent  pathways  for  protein  secretion.  The  results  from 
the  present  study  suggest  that  HRG  participates  in  the  re¬ 
ported  Ca2+-dependent  secretion  of  mammary  epithelial  cells. 

Many  of  the  Rab  family  proteins  are  regulated  by  posttrans- 
lational  mechanisms,  including  geranylgeranylation,  phosphor¬ 
ylation,  and  GDP/GTP  exchange  (14,  37).  Such  posttransla- 
tional  modifications  are  essential  for  regulated  exocytosis. 
There  are,  however,  a  few  examples  of  upregulation  of  the 
expression  of  Rab  proteins,  (i)  Brain-derived  neurotrophic 
factor,  which  promotes  differentiation  and  maturation,  can 
upregulate  stimulation-evoked  neurotransmitter  release  by 
increasing  levels  of  exocytosis-related  and  synaptic  vesicle 
proteins,  including  Rab3A  (40).  (ii)  Gamma  interferon  in 
mononuclear  cells  selectively  increases  the  synthesis  and  pro¬ 
cessing  of  Rab5  by  geranylgeranylation  (2).  (iii)  Rab3D  is 
upregulated  during  adipocyte  differentiation  (4)  and  myeloid 
differentiation  (31).  Our  data  showing  HRG-stimulated  up¬ 
regulation  of  Rab3A  suggest  that  regulated  secretion  may  play 
a  role  in  differentiated  mammary  epithelial  cells. 

Rab  proteins  are  shown  to  have  a  role  in  vesicle  docking. 
Rab  proteins  cycle  between  an  activated  (GTP)  membrane- 
bound  pool  and  a  cytosolic  GDP-bound  pool  complexed  to  the 
members  of  the  guanine  nucleotide  dissociation  inhibitor  gene 
family  (32).  At  steady  state,  Rabs  are  predominantly  mem¬ 
brane  associated,  and  about  10  to  50%  of  the  total  Rab3A 
can  be  found  in  the  cytosol  (37).  The  Rab3  subfamily  con¬ 
sists  of  four  members,  Rab3A,  -3B,  -3C,  and  -3D.  Rab3  sub¬ 


family  members  have  a  distinct  expression  pattern:  Rab3A  and 
Rab3C  are  predominantly  expressed  in  neurons  (15),  Ran3D 
in  adipocytes  (4),  and  Rab3B  in  epithelial  cells  (29).  Nonneu¬ 
ronal  expression  of  Rab3A  was  also  reported  in  adipocytes  (5) 
and  in  the  parathyroid  gland  (23).  Immunolocalization  studies 
revealed  that  Rab3A  was  associated  with  large  dense-core  ves¬ 
icles  in  PCI 2  cells  (13).  Rab3A  was  shown  to  be  associated  with 
the  insulin-containing  granules  in  pancreatic  beta  cells  (35). 
Interestingly,  in  parathyroid  gland  chief  cells,  the  majority 
of  Rab3A  was  found  in  the  cytosol  (23).  In  this  context,  re¬ 
sults  from  the  present  study  also  show  that  in  MCF-7  breast 
cancer  cells,  the  Rab3A  was  predominantly  localized  in  the 
cytoplasm,  and  HRG  increased  the  pool  of  membrane-bound 
Rab3A,  probably  due  to  increased  geranylgeranylation.  Recently, 
another  growth  factor,  insulin,  was  shown  to  upregulate  gera¬ 
nylgeranylation  of  Rab3A  by  activating  geranylgeranyltrans- 
ferase  II  (19).  Thus,  HRG-mediated  posttranslational  modifi¬ 
cations  of  Rab3A  may  also  have  a  role  in  secretory  function. 

The  targeting  of  vesicles  to  organelles  requires  a  set  of  pro¬ 
teins  and  several  levels  of  interaction  between  proteins  (34). 
Cellular  pathways  activated  by  HRG  have  a  role  in  the  reor¬ 
ganization  of  cytoskeletal  cells  and  the  migration  of  mammary 
epithelial  cells  (1,  38,  42).  Recent  evidence  also  suggests  a  close 
link  between  Rab-mediated  vesicle  docking  and  actin-  and 
microtubule-based  cytoskeleton  reorganization  (43).  Other 
examples  of  interactions  between  exocytosis  and  cytoskeletal 
proteins  include  (i)  regulation  of  secretory  granule  exocytosis 
by  RhoA  and/or  RhoC  proteins  in  anterior  pituitary  cells  (12), 

(ii)  stabilization  of  the  neuronal  cytoskeleton  by  Rab3  (3),  and 

(iii)  interaction  of  Rab3A-binding  protein  rabphilin  with  al- 
pha-actinin,  an  actin-binding  protein  (26).  Since  vesicle  trans¬ 
port  involves  passing  through  cytoskeleton  barriers,  our  results 
raise  the  possibility  that  HRG  treatment-associated  reorgani¬ 
zation  of  cytoskeletal  structures  plays  a  role  in  making  mam¬ 
mary  epithelial  cells  competent  for  regulated  exocytosis. 

Existing  evidence  suggests  that  Rab3A  acts  by  regulating  the 
late  steps  in  synaptic  vesicle  fusion.  Overexpression  of  Rab3A 
inhibited  exocytosis  in  PC12  and  chromaffin  cells  (22,  35). 
However,  overexpression  of  Rab3A  had  no  significant  effect  on 
the  release  of  human  C  peptide,  while  expression  of  the  GT- 
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Pase-deficient  Rab3A  mutant  prevented  exocytosis  in  insulin- 
secreting  cells  (24).  Rab3A  knockout  mice  exhibited  enhanced 
exocytosis  after  the  arrival  of  nerve  impulse  (17),  confirming  its 
role  as  a  regulator  at  the  last  stage  of  exocytosis.  Even  though 
Rab3A  is  a  key  regulator  in  exocytosis,  its  activity  is  regulated 
in  turn  by  a  number  of  other  factors,  including  GTP/GDP 
exchange  proteins,  rabphilin  3A,  and  geranylgeranylation.  Com¬ 
plex  regulation  of  Rab3A  indicates  that  the  overall  effects  of 
Rab3A  on  exocytosis  may  reflect  the  cumulation  of  its  regulation 
at  multiple  steps  rather  than  of  its  expression  alone.  Interestingly, 
HRG  induces  synthesis  and  HRG  secretion  of  a  number  of  pro¬ 
teins  in  breast  epithelial  cells.  Although  the  induction  of  Rab3A 
expression  requires  a  functional  PI  3-kinase  pathway,  HRG-in- 
duced  secretion  of  cellular  proteins  requires  additional  signaling 
pathways,  such  as  the  p38MAPK  and  p42/44MAPK  pathways.  Since 
these  proteins  were  newly  synthesized  after  HRG  treatment, 
some  of  the  signaling  pathways  may  be  involved  in  the  synthesis  of 
these  proteins.  Also,  blockage  of  the  p38MAPK  pathway  resulted 
in  the  accumulation  of  vesicles  as  clusters  in  the  cytoplasm,  sug¬ 
gesting  that  signaling  from  the  p38MAPK  pathway  may  be  involved 
in  the  trafficking  of  vesicles  during  HRG-regulated  secretion.  At 
this  moment,  we  do  not  know  the  identity  of  the  secreted  proteins 
in  HRG-treated  cultures,  but  planned  studies  will  investigate  the 
nature  of  the  proteins. 

Some  of  the  actions  of  Rab3A  are  shown  to  be  mediated  via 
its  effector  molecule,  rabphilin  3A.  Rabphilin  3A  binds  Rab3A 
and  colocalizes  on  secretory  organelles.  Overexpression  of  rab¬ 
philin  3A  enhances  both  basal  and  induced  secretion  (11).  In 
the  mammary  epithelial  cells,  overexpression  of  Rab3A  alone 
had  little  effect  on  K+ -evoked  secretion.  However,  exposure  of 
cells  to  HRG  significantly  enhanced  the  secretory  function  of 
Rab3A-overcxpressing  cells.  Our  findings  suggest  that  in  addi¬ 
tion  to  induction  of  Rab3A  protein,  HRG  signaling  may  be 
involved  in  other  aspects  of  the  exocytosis  pathway,  including 
posttranslational  modification  of  Rab3A,  regulation  of  rabphi¬ 
lin  3A,  and  storage  and  trafficking  of  vesicles. 

Accumulating  evidence  suggests  that  the  basic  mechanisms 
of  membrane  fusion  follow  the  SNARE  hypothesis  (20,  36). 
According  to  the  SNARE  model,  exocytosis  involves  inter¬ 
actions  between  v-SNARE  proteins  (present  on  vesicles)  and 
t-SNARE  proteins  (present  on  target  membranes)  and  is  reg¬ 
ulated  by  a  number  of  proteins.  SNAP-25  and  the  syntaxins 
belong  to  the  t-SNARE  complex,  while  synaptotagmin  and 
synapsin  belong  to  the  v-SNARE  complex.  Rabphilin,  Doc2, 
and  Sec8  are  complex  regulatory  proteins.  Our  data  suggest 
that  several  components  of  regulatory  exocytosis  are  expressed 
in  mammary  epithelial  cells.  The  presence  of  proteins  belong¬ 
ing  to  t-SNARE  and  regulatory  subunits  and  the  lack  of  ex¬ 
pression  of  membrane  components  of  v-SNARE  in  synaptic 
vesicles  suggest  that  the  vesicle  components  in  mammary  epi¬ 
thelial  cells  are  different  from  those  in  neurons  but  probably 
utilize  regulators  similar  to  those  used  by  neurons.  This  was  the 
case  with  adipocytes,  in  which  the  nonneuronal  expression  of 
Rab3A  was  detected  without  any  detectable  levels  of  synapto- 
physin,  an  abundant  integral  protein  of  synaptic  vesicles  (5). 

In  summary,  the  results  of  our  study  demonstrate  the  ex¬ 
pression  of  Rab3A  in  mammary  epithelial  cells  in  vivo  and  in 
vitro  and  show  that  Rab3A  expression  and  function  may  be 
positively  regulated  by  HRG  and  lactogenic  hormones.  These 
observations  suggest  that  Rab3A  plays  a  role  in  exocytosis 
within  mammary  epithelial  cells. 
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Nuclear  hormone  receptors  (NRs)  are  transcription 
factors  whose  activity  is  regulated  by  ligands  and  by 
coactivators  or  corepressors.  We  report  the  character¬ 
ization  of  a  new  NR  coregulator:  proline-,  glutamic  acid-, 
leucine-rich  protein  1  (PELP1),  a  novel  human  protein 
that  comprises  1,282  amino  acids  and  is  localized  on 
chromosome  17.  The  primary  structure  of  PELP1  con¬ 
sists  of  several  motifs  present  in  most  transcriptional 
regulators  including  nine  NR-interacting  boxes  (LXXLL 
motifs),  a  zinc  finger,  and  glutamic  acid-  and  proline- 
rich  regions.  We  demonstrate  that  PELP1  is  a  coactiva¬ 
tor  of  estrogen  receptor  a  (ERa).  PELP1  enhances  17/2- 
estradiol-dependent  transcriptional  activation  from  the 
estrogen  response  element  in  a  dose-dependent  manner. 
PELP1  interacts  with  ER«  and  also  with  general  tran¬ 
scriptional  coactivators  p300  and  cAMP  response  ele¬ 
ment-binding  protein-binding  protein.  PELP1  was  dif¬ 
ferentially  expressed  in  various  human  and  murine 
tissues  with  the  highest  expression  levels  in  the  testes, 
mammary  glands,  and  brain.  We  also  provide  evidence 
supporting  the  developmental  regulation  of  PELP1  ex¬ 
pression  in  murine  mammary  glands,  the  detectable  ex¬ 
pression  of  PELP1  in  human  mammary  cancer  cell  lines, 
and  the  enhanced  expression  of  PELP1  in  human  breast 
tumors.  These  findings  suggest  that  PELP1  is  a  novel 
coregulator  of  ERa  and  may  have  a  role  in  breast  cancer 
tumorigenesis. 


The  nuclear  hormone  receptors  (NRs)1  constitute  a  large 
family  of  transcription  factors  that  regulate  gene  expression  in 
a  ligand-dependent  manner.  NRs  play  an  important  role  in 
vertebrate  development  and  have  been  implicated  in  a  broad 
range  of  cellular  responses,  such  as  differentiation,  prolifera- 


*This  study  was  supported  in  part  by  the  National  Institutes  of 
Health  Grants  CA80066  and  CA84456  and  Cancer  Center  Core  Grant 
CA16672,  Breast  Cancer  Research  Program  of  the  University  of  Texas 
M.  D.  Anderson  Cancer  Center.  The  costs  of  publication  of  this  article 
were  defrayed  in  part  by  the  payment  of  page  charges.  This  article  must 
therefore  be  hereby  marked  “ advertisement ”  in  accordance  with  18 
U.S.C.  Section  1734  solely  to  indicate  this  fact. 

4  To  Whom  correspondence  should  be  addressed:  Dept,  of  Cellular 
and  Molecular  Oncology,  the  University  of  Texas  M.  D.  Anderson  Can¬ 
cer  Center  108,  1515  Holcombe  Blvd.,  Houston,  TX  77030.  Tel.:  713- 
745-5239;  Fax:  713-745-3792;  E-mail:  rvadlamu@mdanderson.org. 

1  The  abbreviations  used  are:  NR(s),  nuclear  receptor(s);  ER,  estro¬ 
gen  receptor;  AF,  activation  function;  LBD,  ligand  binding  domain; 
DBD,  DNA  binding  domain;  SRC1,  steroid  receptor  coactivator  1; 
GRIP,  glucocorticoid  receptor  interacting  protein;  CBP,  cAMP  re¬ 
sponse  element-binding  protein-binding  protein;  E2,  17j3-estradiol; 
ERE,  estrogen  response  element;  PELP1,  proline  glutamic  acid-  and 
leucine-rich  protein  1;  PBS,  phosphate-buffered  saline;  luc,  lucifer- 
ase;  gal,  galactosidase;  CAT,  chloramphenicol  acetyltransferase; 
GST,  glutathione  S-transferase. 


tion,  and  homeostasis  (1,  2).  Currently,  the  NR  superfamily  is 
divided  into  three  subfamilies:  the  type  I  subfamily  encodes 
steroid  hormone  receptors,  such  as  receptors  of  estrogen  (ER), 
progestin,  androgen,  and  glucocorticoids;  the  type  II  subfamily 
encodes  receptors  for  non-steroidal  hormones,  such  as  recep¬ 
tors  for  retinoic  acid,  thyroid  hormone,  and  vitamin  D  receptor; 
and  the  type  III  subfamily  encodes  orphan  receptors  with  no 
well  characterized  ligands  (3). 

NRs  share  several  structural  features  including  an  N-termi- 
nal  ligand-independent  transcriptional  activation  function  do¬ 
main  1  (AF1);  a  C-terminal  ligand  binding  domain  (LBD)  that 
interacts  with  ligands;  a  central,  highly  conserved  DNA  bind¬ 
ing  domain  (DBD)  that  targets  NRs  to  specific  DNA  motifs;  and 
a  C-terminal  ligand-dependent  transcriptional  activation  func¬ 
tion  domain  (AF2)  (3,  4).  The  binding  of  hormones  to  a  NR 
triggers  a  conformational  change  that  allows  the  NR  to  bind 
the  responsive  elements  in  the  target  gene  promoters.  The 
LBDs  of  NRs  are  diverse  in  sequence,  accounting  for  ligand 
specificity,  but  they  share  a  consistent  overall  structure  (3). 
AF2  is  highly  conserved  among  various  NRs,  but  AF1  is  not 
conserved  (2). 

The  transcriptional  activity  of  NRs  is  not  only  regulated  by 
hormones  but  also  affected  by  several  regulatory  proteins 
called  coactivators  and  corepressors  (3,  5).  Coactivators  do  not 
usually  bind  to  DNA  but  are  recruited  to  the  target  gene 
promoters  through  protein-protein  interactions  with  the  NRs 
(6).  The  pl60  family  is  a  well  studied  family  of  NR  coactivators, 
and  its  members  are  steroid  receptor  coactivator  SRC1,  glu- 
cocoticoid  receptor-interacting  protein  GRIP1/TIF2,  and  P/C  IP 
(also  known  as  AIB1,  TRAM1,  RAC3)  (7).  A  second  coactivator 
family  includes  the  cAMP  response  element-binding  protein¬ 
binding  protein  CBP  and  p300  (8).  Among  the  corepressors, 
nuclear  receptor  corepressor  (NcoR)  and  silencing  mediator  for 
retinoic  and  thyroid  receptor  (SMRT)  have  been  widely  char¬ 
acterized  and  implicated  in  the  transcriptional  silencing  of 
thyroid  hormone  receptor-,  retinoic  acid  receptor-,  retinoid  X 
receptor-,  and  vitamin  D  receptor-responsive  genes  in  the  ab¬ 
sence  of  ligand  (3).  Corepressors  have  been  shown  to  associate 
preferentially  with  antagonist-occupied  NRs  (9).  A  few  bifunc¬ 
tional  coregulators  that  can  act  as  both  coactivators  and  core¬ 
pressors  of  NRs  have  also  been  reported  recently,  and  examples 
include  mouse  zinc  finger  protein,  a  regulator  of  apoptosis  and 
cell  cycle  arrest  (ZAC1)  (10);  a  NR-binding  set  domain-contain¬ 
ing  protein  (NSD1)  (11);  and  RIP140  (12). 

Evidence  suggests  that  multiprotein  complexes  containing 
coactivators,  NRs,  and  transcriptional  regulators  assemble  in 
response  to  hormone  binding  and  activate  transcription  (3). 
Researchers  are  actively  investigating  the  molecular  mecha¬ 
nisms  whereby  hormones  elicit  tissue  type-  and  cell  type-spe¬ 
cific  responses  and  the  composition  of  coactivator  proteins  in- 
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volved.  Structural  analysis  of  coactivators  has  identified  a 
motif  consisting  of  five  amino  acids  LXXLL  (where  X  is  any 
amino  acid),  which  is  sufficient  to  mediate  coregulator  binding 
to  the  liganded  NRs  (13).  The  coactivators  SRC1,  CBP,  and 
p300  have  intrinsic  histone  acetyltransferase  activity  (14).  In 
contrast,  NcoR  and  SMRT  associate  with  histone  deacetylases 
and  mSin3A  (15).  The  association  of  the  histone  acetyltrans¬ 
ferase  and  histone  deacetylase  activity  with  the  coactivators 
and  corepressors  suggests  that  the  modulation  of  chromatin 
structures  constitutes  a  potential  mechanism  whereby  coregu¬ 
lators  function  (2).  Another  mechanism  of  regulation  of  gene 
transcription,  in  addition  to  chromatin  remodeling,  is  the  phos¬ 
phorylation  of  coactivators  and  corepressors  (16). 

Steroid  hormone  17/3-estradiol  (E2)  plays  an  important  role 
in  controlling  the  expression  of  genes  involved  in  a  wide  variety 
of  biological  processes,  including  development,  homeostasis, 
regulation  of  the  cardiovascular  system,  the  determination  of 
bone  density,  and  breast  tumor  progression  (17).  The  biological 
effects  of  estrogen  are  mediated  by  its  binding  to  the  structur¬ 
ally  and  functionally  distinct  estrogen  receptors  (ERa  and 
ER/3);  ERn  is  the  major  ER  in  the  mammary  epithelium  (18). 
Like  other  steroid  receptors,  ERa  comprises  an  N-terminal  AF1 
domain,  a  DBD,  and  a  C-terminal  LBD  that  contains  an  AF2 
domain  (19).  Upon  the  binding  of  E2  to  ERo?,  the  ligand-acti¬ 
vated  ERa  translocates  to  the  nucleus,  binds  to  the  13-base 
pair  palindromic  estrogen  response  enhancer  element  (ERE)  in 
the  target  genes,  and  stimulates  gene  transcription,  thus  pro¬ 
moting  the  growth  of  breast  cancer  cells  (20).  It  is  generally 
accepted  that  some  of  the  diverse  functions  of  estrogens  depend 
on  differential  recruitment  of  coregulators  to  the  E2*ER  com¬ 
plex.  The  transcription  functions  of  ER  may  be  influenced  by 
several  coregulators,  including  SRC1,  GRIP1,  AIB1,  CBP/p300, 
TIF1,  PGC1,  and  DAX1  (3,  21,  22).  Although  much  is  known 
about  the  structure  of  coregulators,  very  little  is  known  about 
the  physiological  role  of  coregulator  proteins  in  the  develop¬ 
ment,  hormone  regulation,  and  progression  of  cancer. 

In  the  present  study,  we  describe  the  cloning  and  character¬ 
ization  of  PELP1,  a  new  member  of  the  family  of  coregulators  of 
NRs.  We  also  provide  evidence  that  PELP1  is  a  novel  coactiva¬ 
tor  of  the  ER  pathway  and  that  it  may  be  up-regulated  in 
human  breast  cancer. 

MATERIALS  AND  METHODS 

Cell  Cultures  and  Reagents — MCF-7,  T47D,  and  ZR75R  human 
breast  cancer  cells  (23)  were  maintained  in  Dulbecco’s  modified  Eagle’s 
medium  and  F-12  (1:1)  supplemented  with  10%  fetal  calf  serum.  Anti¬ 
bodies  against  actin,  vinculin,  and  E2  were  purchased  from  Sigma 
Chemical  Co.  Antibodies  against  ERa  were  purchased  from  Upstate 
Biotechnology.  Anti-T7  epitope  antibody  was  purchased  from  Novagen. 
Antibodies  against  CBP  and  p300  were  purchased  from  Santa  Cruz 
Biotechnology.  Charcoal-stripped  serum  (DCC  serum)  was  purchased 
from  Sigma. 

Isolation  ofPELPl  cDNA — PELP1  identification,  purification,  endo- 
proteinase  digestion,  high  performance  liquid  chromatography  purifi¬ 
cation,  and  peptide  sequencing  have  been  described  (24).  Peptide  se¬ 
quences  used  for  screening  the  library  were  GSPDGSLQTGKPSA- 
PK(S),  LDVGEAMAP(Q),  VQPEPEPEPGLLLEVEEPGTEEERGADD, 
and  VQPPPETPAEEEMETETE AE ALQEKEQ .  A  HeLa  cDNA  library 
(Stratagene)  was  screened  with  32P-labeled  oligonucleotide  probes  that 
were  synthesized  according  to  PELP1  sequences.  Hybridization  was 
performed  at  42  °C  in  formamide  buffer,  and  membranes  were  washed 
three  times  in  2x  SSC  in  0.1%  SDS  at  42  °C.  Positive  clones  were 
plaque  purified,  and  the  N-terminal  region  (400  base  pairs)  of  the  long¬ 
est  clone  (1,300  base  pairs)  was  used  to  rescreen  the  HeLa  library  as 
described  above.  Positives  from  the  secondary  screening  were  plaque 
purified,  and  the  full-length  PELP1  clone  was  constructed  using  overla¬ 
pping  internal  restriction  sites.  A  full-length  open  reading  frame  of 
PELP1  was  subcloned  into  pcDNA3.1  His  vector  (Invitrogen)  using 
EcoRl  and  Xhol  sites  to  make  T7-tagged  PELP1  expression  vector. 
PELP1(  1-540)  and  PELP1(541-1282)  constructs  were  created  in 
pcDND3.1  His  vector  utilizing  an  internal  unique  BomHI  site. 


Generation  ofPELPl  Antiserum — A  19-mer  peptide  encoding  amino 
acids  558-576  (RDSLSPGQERPYSTVRTKV)  of  the  PELP1  gene  was 
synthesized  and  conjugated  to  keyhole  limpet  hemocyanin.  Using  a 
standard  inoculation  protocol  (Research  Genetics,  Huntsville,  AL)  the 
conjugated  peptide  was  then  used  to  produce  a  rabbit  polyclonal 
antiserum. 

Cell  Extracts ,  Immunoblotting,  and  Immunoprecipitation — To  pre¬ 
pare  cell  extracts,  cells  were  washed  three  times  with  phosphate-buff¬ 
ered  saline  (PBS)  and  then  lysed  in  RIPA  buffer  (50  mu  Tris-HCl,  pH 
7.5,  150  mM  NaCl,  0.5%  Nonidet  P-40,  0.1%  SDS,  0.1%  sodium  deoxy- 
cholate,  IX  protease  inhibitor  mixture  (Roche  Biochemical),  and  1  mM 
sodium  vanadate)  for  15  min  on  ice.  The  lysates  were  centrifuged  in  an 
Eppendorf  centrifuge  at  4  °C  for  15  min.  Cell  lysates  containing  equal 
amounts  of  protein  (~200  pg)  were  resolved  on  SDS-polyacrylamide 
gels  (8%  acrylamide),  transferred  to  nitrocellulose  membranes,  probed 
with  the  appropriate  antibodies,  and  developed  using  either  the  en¬ 
hanced  chemiluminescence  method  (ECL)  or  the  alkaline  phosphatase- 
based  color  reaction  method.  Immunoprecipitation  was  performed  for 
2  h  at  4  °C  using  1  pg  of  antibody/mg  of  protein  (25). 

Reporter  Gene  Assays — For  reporter  gene  transient  transfections, 
HeLa  and  MCF-7  cells  were  cultured  in  minimal  essential  medium 
without  phenol  red  containing  10%  DCC  serum  for  24  h  and  then 
transfected  reporter  plasmids  without  or  with  PELP1  expression  plas¬ 
mid  using  Fugene-6  reagent  according  to  the  manufacturer’s  instruc¬ 
tions  (Roche  Diagnostics).  24  h  later,  cells  were  treated  with  the  indi¬ 
cated  ligands  for  16-24  h.  Cells  were  lysed  with  passive  lysis  buffer, 
and  the  luciferase  (luc)  assay  was  performed  using  a  luciferase  reporter 
assay  kit  (Promega).  The  total  amount  of  DNA  used  was  kept  constant 
by  adding  parental  vector.  The  activity  of  /3-galactosidase  (/3-gal)  re¬ 
porter  was  used  to  correct  the  transfection  efficiencies.  SRC1,  GRIP1 
plasmids  were  used  as  positive  controls.  Chloramphenicol  acetyltrans¬ 
ferase  assays  were  performed  using  an  assay  kit  from  Promega.  Trans¬ 
fections  were  carried  out  in  six-well  plates,  and  each  transfection  was 
performed  in  triplicate  wells.  Luciferase  assays  using  gal4-ER/gal4-luc 
were  performed  as  described  (26). 

Immunohistochemistry — The  mouse  organs  were  dissected  and  fixed 
with  10%  formaldehyde  or  with  Bouin’s  solution  overnight  and  pro¬ 
cessed  using  standard  techniques  in  paraffin  sections.  Immunohisto¬ 
chemistry  was  done  as  described  previously  (27).  Briefly,  the  sections 
were  deparaffinized  with  xylene,  rehydrated  using  graded  ethanol,  and 
incubated  in  0.3%  hydrogen  peroxide  and  methanol  for  30  min  to 
inactivate  the  endogenous  peroxidase.  The  sections  were  then  boiled  for 
10  min  in  0.01  M  citrate  buffer  and  cooled  for  30  min  at  room  temper¬ 
ature  to  unmask  the  antigen  epitopes.  The  sections  were  incubated 
sequentially  with  2%  normal  goat  serum  in  1%  bovine  serum  albumin 
and  PBS  for  30  min  and  with  rabbit  anti-PELPl  antibody  (1:500  diluted 
in  2%  normal  goat  serum,  1%  bovine  serum  albumin,  and  PBS)  over¬ 
night  at  room  temperature.  The  sections  were  washed  three  times  with 
0.05%  Tween  in  PBS  for  10  min  and  incubated  with  horseradish  per¬ 
oxidase-donkey  anti-rabbit  IgG  (1:100,  Sigma)  for  1  h.  After  being 
washed  with  PBS,  the  antigen  sites  were  visualized  with  DAB-H202 
and  counterstain ed  with  Mayer’s  hematoxylin.  For  staining  specificity 
control,  preimmune  serum  from  the  same  animal  and  peptide  absorbed 
antiserum  were  used  to  replace  the  first  antibody  for  staining. 

Tumor  Samples — Human  biopsies  were  obtained  from  the  breast 
cancer  core  laboratories  at  the  M.  D.  Anderson  Cancer  Center.  Samples 
were  frozen  in  liquid  nitrogen  and  stored  at  -80  °C.  Eight  matching 
pairs  of  tumor  and  adjacent  normal  tissues  were  analyzed.  Biopsy 
tissues  were  homogenized  in  Triton  X-100  lysis  buffer  (20  mM  HEPES, 
150  mM  NaCl,  1%  Triton  X-100,  0.1%  deoxycholate,  2  mM  EDTA,  2  mM 
EDTA,  2  mM  sodium  orthovanadate,  and  protease  inhibitor  mixture; 
Roche  Molecular  Biochemicals),  and  equal  amounts  of  protein  were 
analyzed  by  Western  blotting. 

RESULTS 

cDNA  Cloning  and  DNA  Sequence  Analysis — Earlier  in  an 
attempt  to  identify  the  Src  homology  2  domain-binding  pro¬ 
teins,  we  identified  a  protein  with  a  molecular  mass  of  about 
160  kDa.  The  identification,  purification,  and  peptide  sequenc¬ 
ing  of  pl60  kDa  protein  have  been  reported  earlier  (24).  Using 
the  peptide  sequence  of  pl60  protein,  we  screened  an  HeLa 
cDNA  library  and  isolated  a  cDNA  clone  (accession  no.  U88153) 
that  contained  an  open  reading  frame  of  3,846  base  pairs  and 
also  the  entire  peptide  sequences  reported  for  the  pl60  protein 
(14).  This  protein  is  unusually  rich  in  the  amino  acids  proline 
(13.2%),  glutamic  acid  (12.4%),  and  leucine  (12.9%)  and  is 
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Fig.  1.  PELP1  amino  acid  sequence  and  expression  in  human  tissues.  Panel  A,  deduced  amino  acid  sequence  of  PELP1.  The  numbers  on 
the  left  correspond  to  the  amino  acid  numbers.  NR  recognition  motifs  are  underlined ,  and  the  nuclear  localization  sequence  is  boxed.  Domains  rich 
in  LXXLL  motifs,  cysteine,  proline,  and  acidic  amino  acids  are  shown  on  the  right.  Panel  B,  pcDNA  or  PELPl-pcDNA  was  transiently  expressed 
in  MCF-7  cells,  and  the  expressed  protein  was  detected  using  a  monoclonal  antibody  against  T7.  Panel  C,  Northern  analysis  of  the  expression  of 
PELP1  using  a  multiple  human  poly(A) 1  RNA  master  blot  from  CLONTECH,  probed  with  a  PELP1  open  reading  frame.  Al,  brain;  A2,  amygdala; 
A3,  caudate  nucleus;  A5,  cerebral  cortex;  A6 ,  frontal  lobe;  A7 ,  hippocampus;  A8,  medulla  ablongata;  B1 ,  occipital  lobe;  B2 ,  putamen;  B3,  substantia 
nigra;  B4 ,  temporal  lobe;  B5,  thalamus;  B6,  nucleus  accumbsus;  B7 ,  spinal  cod;  Cl,  heart;  C2,  aorta;  C3,  skeletal  muscle;  C4 ,  colon;  C5,  bladder; 
C6 ,  uterus;  C7,  prostate;  C8,  stomach;  Dl,  testis;  D2,  ovary;  D3 ,  pancreas;  D4,  pituitary  gland;  D5,  adrenal  gland;  D6,  thyroid  gland;  D7 ,  salivary 
gland;  D8 ,  mammary  gland;  El,  kidney;  E2,  liver;  E3,  small  intestine;  E4,  spleen;  E5,  thymus;  E6,  peripheral  leukocyte;  E7,  lymph  node;  E8,  bone 
marrow;  FI,  appendix;  F2,  lung;  F3,  trachea;  F4,  placenta;  Gl,  fetal  brain;  G2,  fetal  heart;  G3,  fetal  kidney;  G4,  fetal  liver;  G5,  fetal  spleen;  G6, 
fetal  thymus;  G7,  fetal  lung.  Panel  D ,  the  expression  of  PELP  in  RNA  dot  blots  was  quantitated,  and  data  from  representative  tissues  are  shown. 
The  GenBank  accession  number  for  PELP1  cDNA  is  U88153. 


therefore  named  proline-,  glutamic  acid-,  and  leucine-rich  pro¬ 
tein  1  (PELP1).  A  search  of  the  newly  released  Human 
Genomic  Sequence  data  base  revealed  that  PELP1  is  localized 
at  chromosome  17.  The  present  study  was  undertaken  to  char¬ 
acterize  this  novel  protein  and  to  explore  its  functions. 

The  deduced  amino  acid  sequence  of  PELP1  is  shown  in  Fig. 
LA.  The  PELP1  protein  has  no  overall  homology  with  any 
protein  in  the  GenBank  data  base.  However,  the  amino  acid 
sequence  of  PELP1  has  several  interesting  features  (Fig.  1A). 
PELP1  has  a  centrally  located  consensus  nuclear  localization 
motif  starting  with  amino  acids  640-641  (28).  PELP1  contains 
nine  LXXLL  motifs.  LXXLL  motifs  are  present  in  several  NR 
coactivators,  including  SRC1,  GRIP1,  and  P300  and  mediate 
ligand-dependent  binding  of  coactivators  with  NR  (13).  The 
PELP1  C  terminus  has  two  regions  rich  in  proline  (31%  proline, 
amino  acids  851-1020;  23%  proline,  amino  acids  1129-1282). 
Proline-rich  sequences  in  transcription  factors  have  been  re¬ 
ported,  and  a  region  containing  25%  proline  has  been  shown  to 
function  as  a  transcriptional  activation  domain  in  CTF1/NF1 
(29).  The  C-terminal  region  of  PELP1  contains  regions  unusu¬ 
ally  rich  in  acidic  amino  acids.  PELP1  also  contains  two  regions 
rich  in  cysteine  residues,  which  may  potentially  form  three  zinc 
fingers,  but  these  regions  show  no  homology  with  the  well 
established  zinc  finger  domains  in  the  protein  domain  data 
base.  In  addition,  PELP1  has  several  consensus  phosphoryla¬ 


tion  sites.  To  verify  that  the  PELP1  clone  encodes  a  physiolog¬ 
ical  gene  product,  the  expression  of  PELP1  cDNA  was  exam¬ 
ined  in  a  transient  expression  assay  using  the  human  breast 
cancer  cell  line  MCF-7  (Fig.  LB).  To  detect  the  expression  of 
PELP1  cDNA,  we  incorporated  T7  epitope  tag  at  the  N  termi¬ 
nus  of  the  open  reading  frame.  The  expression  of  T7-tagged 
cDNA  of  PELP1  produced  a  protein  with  a  molecular  mass  of 
about  160  kDa.  The  expression  of  PELP1  mRNA  was  analyzed 
using  a  multiple  human  tissue  poly(A)+  RNA  dot-blot  (CLON¬ 
TECH).  As  shown  in  Fig.  1,  C  and  D ,  PELP1  was  expressed 
differentially  in  various  human  tissues,  with  the  highest  ex¬ 
pression  levels  in  testis,  mammary  gland,  brain,  skeletal  mus¬ 
cle,  and  lung  tissues. 

PELP1  Acts  as  a  Coactivator  of  ER a — The  presence  of  nine 
LXXLL  motifs  and  the  abundant  expression  of  PELP1  in  mam¬ 
mary  glands  provide  a  basis  to  hypothesize  that  PELP1  has  a 
role  in  the  ER  pathway.  To  explore  this  hypothesis,  we  used  a 
well  established  gal4-ER/gal4-luc  assay  system  (30).  This  sys¬ 
tem  involves  the  transient  transfection  of  two  plasmids  gal4- 
AF2  (LBD  of  ERa)  and  gal4-luc  reporter,  wherein  activation  of 
the  luc  depends  on  stimulation  of  the  AF2  domain  by  E2. 
PELP1  was  cotransfected  with  gal4-AF2,  gal4-luc  plasmids 
into  HeLa  cells,  which  are  known  to  contain  no  or  undetectable 
ER.  The  levels  of  luc  reporter  transcriptional  activity  were 
higher  in  cells  treated  with  E2  than  in  untreated  control  cells 
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Fig.  2.  PELP1  enhances  ERa-dependent  transcription  and  in¬ 
teracts  with  endogenous  ERa.  Panel  A,  HeLa  cells  were  cotrans¬ 
fected  with  100  ng  of  gal4-AF2,  gal4-luc,  and  with  1  jxg  of  PELP1  or 
SRC1  or  GRIP1  or  control  plasmid.  Cells  were  treated  with  or  without 
10  7  M  E2,  and  luc  activity  was  measured  24  h  later.  Panel  B,  MCF-7 
cells  were  cotransfected  with  100  ng  of  ERE-luc  and  1  fig  of  PELP1. 
After  24  h,  cells  were  treated  with  10  7  M  E2  or  E2  and  10  6  M 
ICI 182780,  and  luc  activity  was  measured  after  24  h.  Panel  C,  MCF-7 
cells  were  transfected  with  100  ng  of  ERE-luc  and  increasing  concen¬ 
trations  of  PELP1  and  treated  with  E2.  The  mean  results  of  triplicate 
samples  are  shown.  The  luc  experiments  were  repeated  three  times, 
and  similar  results  were  obtained.  Panel  D ,  MCF-7  cells  were  cotrans¬ 
fected  with  100  ng  of  GAL4-luc  reporter  and  gal4-GBD  vector  or  gal4- 
GBD-PELP1,  and  luc  activity  was  measured  after  48  h. 


(Fig.  2A).  The  expression  of  PELP1  had  no  apparent  effect  on 
the  reporter  activity  in  the  absence  of  ligand.  However,  in  the 
presence  of  100  nM  E2  cotransfection  of  cells  with  PELP1  but 
not  the  control  vector  significantly  increased  gal-luc  reporter 
activity  in  a  manner  similar  to  that  observed  in  the  well  char¬ 
acterized  coactivators  SRC1  and  GRIP1  (Fig.  2A). 

To  confirm  these  results,  we  performed  another  assay,  using 
ERE-luc  reporter  in  ERa-positive  MCF-7  human  breast  cancer 
cells.  The  ERE-luc  activity  after  transient  coexpression  of 
PELP1  with  ERE-luc  reporter  was  7  times  that  of  control  cells, 
a  significantly  greater  increase  than  that  induced  by  E2  treat¬ 
ment  alone,  which  resulted  in  an  ERE-luc  activity  level  3.6 
times  that  of  controls  (Fig.  2 B).  PELP1  had  no  significant  effect 
on  the  activity  of  ERE-luc  in  the  absence  of  ligand.  In  addition, 
PELPl-mediated  enhancement  of  the  transcriptional  activity 
was  completely  blocked  by  the  addition  of  pure  anti-estrogen 
ICI  182780.  The  PELPl-mediated  increase  in  the  ERE-luc  ac¬ 
tivity  was  dose-dependent,  with  the  highest  activity  at  3  /xg  of 
DNA  (Fig.  2C).  To  examine  the  possibility  that  PELP1  has 
intrinsic  transcriptional  activity,  full-length  PELP1  cDNA  was 
fused  to  gal4-DBD,  and  its  effect  on  the  transcriptional  activity 
of  gal4-responsive  luc  reporter  was  analyzed.  We  did  not  ob¬ 
serve  any  significant  activity  of  PELP1  compared  with  gal4- 
DBD  vector.  These  results  suggest  that  PELP1  acts  as  a  coac¬ 
tivator  of  ER/ERE  pathway  and  is  functionally  distinct  from 
SRC  family  of  coactivators  which  possess  intrinsic  transcrip¬ 
tional  activity. 

PELP1  Interacts  with  ERa— We  next  sought  to  determine 
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Fig.  3.  PRLP1  interacts  with  ERa.  Panel  A,  expression  of  T7- 
tagged  PELPI  in  MCF-7  stable  cell  lines  as  detected  by  Western  blot¬ 
ting  using  anti-T7  mAb.  Panels  B  and  C,  MCF-7  cells  stably  expressing 
pcDNA  or  PELPI  were  treated  with  E2  for  30  min,  and  nuclear  extracts 
were  prepared.  Equal  amounts  of  proteins  were  immunoprecipitated 
with  anti-ER  or  anti-T7  mAb  and  analyzed  by  Western  blotting  with  T7 
and  ER  antibodies.  Input  represents  10%  of  the  total  amount  used  for 
immunoprecipitations.  Panel  D,  interaction  of  PELPI  and  ERa  AF2 
domain  in  vitro.  PELP1(  1—540)  and  PELP1(54 1—1282)  were  labeled 
with  [36S]  methionine  using  the  TNT  reaction  (Promega)  and  incubated 
with  GST-AF2  in  the  presence  of  100  nM  E2.  Bound  proteins  were 
visualized  by  SDS-polyacrylamide  gel  electrophoresis  and  developed  by 
phosphorimaging.  Panel  E ,  MCF-7  cells  were  transfected  with  100  ng  of 
ERE-luc  and  with  1  jug  of  PELPI  or  1  jag  of  PELP1(541-1273).  24  h  later 
cells  were  treated  with  E2,  and  luciferease  activity  was  measured  after 
24  h.  Panel  F ,  schematic  representation  of  the  PELPI  deletion  con¬ 
structs  used. 


whether  PELPI  interacts  with  ERa.  Because  we  did  not  have 
an  antibody  effective  in  recognizing  PELPI  in  immunoprecipi¬ 
tations,  we  initially  developed  stable  MCF-7  cell  lines  express¬ 
ing  T7-tagged  PELPI  cDNA  (Fig.  3A).  Two  clones  expressing 
detectable  levels  of  PELPI  were  identified.  The  expression  of 
PELPI  did  not  affect  the  growth  rate  of  the  cells  in  either  the 
presence  or  the  absence  of  E2  (data  not  shown).  To  examine  the 
interaction  of  PELPI  with  endogenous  ERa,  MCF-7  cells  ex¬ 
pressing  PELPI  were  treated  with  or  without  E2,  and  nuclear 
extracts  were  immunoprecipitated  with  ERa  or  T7  antibodies. 
ERa  antibody  effectively  immunoprecipitated  PELPI  only 
when  cells  were  treated  with  E2;  in  the  absence  of  ligand,  no 
interaction  was  observed  (Fig.  35).  Similarly,  in  reciprocal 
immunoprecipitations  PELPI  effectively  immunoprecipitated 
ER  only  when  cells  were  treated  with  E2  (Fig.  3C).  These 
results  suggest  that  PELPI  interacts  with  ERa  in  a  ligand-de¬ 
pendent  manner. 

To  address  the  role  of  LXXLL  motifs  in  the  binding  and 
coactivation  of  ERa,  we  created  two  deletion  constructs:  the 
first  construct  PELP1(  1-540)  contains  seven  LXXLL  motifs, 
and  the  second  construct  PELPK54 1-1282)  lacks  seven  LXXLL 
motifs  (Fig.  3 F).  Initially  the  ability  of  both  constructs  to  bind 
AF2  domain  of  ERa  was  analyzed  by  GST-pull  down  assays. 
GST  AF2  but  not  GST  alone  pulled  down  the  PELP  1(1-540) 
(Fig.  3D),  and  there  was  no  detectable  binding  of  AF2  to 
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Fig.  4.  PELPl  differentially  regulates  transcriptional  activa¬ 
tion  in  a  cell-  and  promoter-dependent  manner.  Panel  A ,  Western 
blot  showing  the  endogenous  levels  of  PELPl  in  three  breast  cancer  cell 
lines.  Panel  5,  ZR75R  cells  were  cotransfected  with  100  ng  of  ERE-luc 
and  1  /xg  of  PELPl.  After  24  h,  cells  were  treated  with  10  7  m  E2,  and 
luc  activity  was  measured  after  24  h.  Panel  C,  T47D  cells  were  cotrans¬ 
fected  with  100  ng  of  ERE-luc  and  1  /xg  of  PELPl.  After  24  h,  cells  were 
treated  with  10  7  m  E2,  and  luc  activity  was  measured  after  24  h.  Panel 
D,  MCF-7  cells  were  cotransfected  with  100  ng  of  PRE-luc  and  1  /xg  of 
PELPl  or  control  vector.  After  24  h,  cells  were  treated  without  or  with 
500  nM  progesterone  for  an  additional  24  h.  Panel  E,  MCF-7  cells  were 
cotransfected  with  1  j xg  of  GRE-CAT  reporter  and  with  1  /xg  of  PELPl 
or  control  vector.  48  h  later  cells  were  treated  without  or  with  500  nM 
dexamethasone  for  24  h,  and  cell  extracts  were  assayed  for  CAT  activ¬ 
ity.  Results  shown  are  representative  of  three  separate  experiments. 


PELPK54 1-1282).  These  results  suggest  that  the  540-amino 
acid  region  containing  seven  hXXLL  motifs  is  important  for  the 
binding  of  ERa.  Furthermore,  transfection  of  PELPH541- 
1282),  which  has  a  deletion  of  seven  LXXLL  motifs,  failed  to 
activate  the  transcription  by  E2  in  ERE  reporter  assays  (3E). 
Together  these  results  suggest  that  LXXLL  motifs  are  required 
for  the  binding,  and  such  binding  is  essential  for  the  activation 
function  of  PELPl. 

PELPl  Differentially  Regulates  Steroid  Receptors  in  a  Cell- 
and  Promoter  Context-dependent  Manner — To  explore  the  pos¬ 
sibility  that  differential  expression  of  PELPl  and  cellular  con¬ 
text  impacts  ERa  transactivation  distinctly,  we  next  deter¬ 
mined  the  ERE-driven  transactivation  of  a  reporter  system  in 
breast  cancer  cells  lines  MCF-7,  ZR75R,  and  T47D,  which  have 
high,  moderate  to  low,  and  low  levels  of  endogenous  PELPl, 
respectively  (see  Fig.  6D  for  the  PELPl  levels).  All  three  of  the 
model  cells  have  been  shown  to  contain  functional  ERa  and 
respond  to  E2.  Cotransfection  of  PELPl  in  low  expressing  T47D 
cells  significantly  increased  the  E2  responses  of  the  ERE  re¬ 
porter  to  30-fold  over  control  (Fig.  4C)  compared  with  high 
expressing  MCF-7  cells  which  responded  to  7-fold  increase  over 
control  (Fig.  25).  Moderate  PELPl-expressing  ZR75R  cells 
showed  a  10-fold  increase  in  luciferase  activity  by  E2  (Fig.  45). 
Interestingly,  overexpression  of  PELPl  alone  in  ZR75R  and 
T47D  cells  was  sufficient  to  activate  the  ERE  reporter  activity 
in  the  absence  of  E2.  The  lower  response  of  PELPl  on  MCF7 
cells  could  possibly  be  attributed  to  the  saturation  of  these  cells 
with  high  levels  of  endogenous  PELPl,  and  MCF7  cells  have 
higher  basal  ERE  reporter  activity  compared  with  T47D  cells. 


BP:  T7-  PELPl 


Fig.  5.  Interaction  of  PELPl  with  CBP  and  with  P300.  Panels  A 
and  B,  equal  amounts  of  cell  lysates  from  MCF-7  cells  stably  expressing 
pcDNA  or  T7-PELP1  (clone  20)  were  subjected  to  immunoprecipitation 
with  CBP  and  p300  antibodies  followed  by  Western  blotting  with  T7 
monoclonal  antibody.  Panels  C  and  D,  reverse  experiment  in  which  3 
mg  of  cell  lysates  from  MCF-7  cells  stably  expressing  pcDNA  or  T7- 
PELP1  (clone  20)  were  subjected  to  immunoprecipitation  with  T7  mono¬ 
clonal  antibody  and  Western  blotted  with  p300  or  CBP. 


These  results  suggest  that  PELPl  signaling  is  dependent  on 
the  cell/tissue  context. 

We  next  tested  the  possibility  of  whether  PELPl  is  specific 
coregulator  of  ERa  or  if  it  can  act  as  a  coactivator  for  other 
members  of  steroid  receptors.  To  address  this  possibility,  we 
used  reporter  genes  for  two  other  steroid  receptors  progester¬ 
one  and  glucocorticoid,  which  are  known  to  be  expressed  in 
mammary  epithelial  cells.  Cotransfection  of  PELPl  with  PRE- 
luc  or  GRE-CAT  reporter  did  not  result  in  a  significant  activa¬ 
tion  of  the  reporter  activity  in  presence  or  absence  of  the  ligand. 
In  contrast,  there  was  a  moderate  decrease  in  the  ligand- 
induced  activation.  These  results  suggest  that  PELPl  may  be  a 
specific  activator  of  ERa,  and  its  coactivation  function  is 
promoter-dependent. 

PELPl  Interacts  with  General  Transcriptional  Activators 
CBP  and  p300 — Earlier  studies  have  shown  that  NR  coactiva¬ 
tors  interact  with  CBP  and  p300,  general  transcriptional  acti¬ 
vators  (8).  Because  PELPl  augmented  E2-mediated  transcrip¬ 
tion,  we  sought  to  determine  whether  PELPl  also  interacts 
with  CBP  and  p300.  Cell  lysates  from  the  stable  cell  lines 
expressing  T7-tagged  PELPl  were  subjected  to  immunoprecipi¬ 
tation  with  CBP  or  p300  and  Western  blotted  with  T7  antibody. 
Both  p300  and  CBP  specifically  coimmunoprecipitated  T7- 
PELP1  (Fig.  5,  A  and  5).  This  result  was  validated  by  a  reverse 
experiment  involving  immunoprecipitation  of  T7-tagged 
PELPl  followed  by  Western  blotting  with  antibodies  directed 
against  CBP  or  p300  (Fig.  5,  C  and  D).  These  results  suggest 
that  PELPl  interacts  with  the  general  transcriptional  coacti¬ 
vators  CBP  and  p300. 

PELPl  Expression  in  Mouse  Tissues  and  in  Human  Breast 
Cancer  Cell  Lines — To  characterize  PELPl  protein  further,  we 
generated  polyclonal  antiserum  directed  at  a  peptide  sequence 
containing  amino  acids  557-576  of  PELPl.  Western  blot  anal¬ 
ysis  of  the  total  lysates  from  MCF-7  cells  and  from  one  of  the 
stable  clones  showed  a  band  with  a  molecular  mass  of  about 
160  kDa.  No  such  band  was  observed  when  preimmune  serum 
from  the  same  rabbit  was  used  in  Western  blotting  (Fig.  6A, 
right  panel).  Also,  the  observed  PELPl  protein  band  was  com¬ 
pletely  abolished  when  the  serum  was  preincubated  with  im¬ 
munized  peptide  (Fig.  6A,  middle  panel).  These  results  sug¬ 
gested  that  the  antibody  specifically  recognized  PELPl  protein. 
MCF-7  cell  lysates  were  fractionated  into  cytosolic  and  nuclear 
fraction,  and  localization  of  PELPl  was  analyzed  by  Western 
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Fig.  6.  Characterization  of  PELPl  antibody.  Panel  A,  200  pg  of  total  cell  lysate  from  MCF-7  cells  or  MCF-7  stable  cells  expressing  PELPl 
was  Western  blotted  with  1:500  PELPl  antiserum  (left),  blotted  with  PELPl  antiserum  preadsorbed  with  peptide  (middle),  and  blotted  with 
preimmune  serum  from  the  same  rabbit  (right).  Panel  B,  localization  of  PELPl  as  analyzed  by  cellular  fractionation.  MCF-7  cells  were  fractionated 
into  nuclear  and  cytoplasmic  fractions,  and  localization  of  PELPl  was  analyzed  by  PELPl  antiserum.  Paxillin  was  used  as  a  marker  of  cytoplasmic 
fraction.  Panel  C,  expression  of  PELPl  was  analyzed  in  mouse  tissue  by  Western  blotting  using  PELPl  antiserum.  Panel  D,  expression  of  PELPl 
in  breast  cancer  cell  lines.  Blots  were  stripped  and  reprobed  with  vinculin,  which  was  used  as  a  loading  control. 


blotting.  PELPl  is  present  predominantly  in  the  nuclear  frac¬ 
tion,  and  some  staining  was  also  observed  in  the  cytosolic 
fraction  (Fig.  SB).  We  next  examined  the  expression  of  PELPl 
in  various  mouse  tissues  using  PELPl  antibody.  As  shown  in 
Fig.  6C,  the  expression  of  PELPl  could  be  seen  in  most  of  the 
tissues  with  the  highest  expression  levels  in  testis,  ovaries, 
uterus,  and  pituitary.  In  some  tissues,  the  antibody  also  re¬ 
acted  with  a  second  protein  band  that  may  represent  a  degra¬ 
dation  product  of  PELPl  or,  alternatively,  an  isoform  of 
PELPl.  PELPl  expression  was  also  observed  in  several  com¬ 
monly  used  human  breast  cancer  cell  lines  (Fig.  6 D). 

PELPl  Localization  in  Various  Murine  Tissues — We  next 
examined  the  localization  of  PELPl  in  various  tissues  by  im- 
munohistochemical  staining  (Fig.  7).  PELPl  staining  was  seen 
in  all  of  the  tissues  examined  but  was  localized  differently  in 
each  organ.  The  protein  was  present  in  both  the  nuclei  and  the 
cytoplasm  in  differing  degrees  depending  on  the  tissue.  For 
example,  in  pregnant  ovaries  and  fallopian  tubes,  PELPl  was 
localized  predominantly  in  the  nuclei  of  cells  from  the  corpus 
luteum  and  the  epithelium  of  fallopian  tubes,  but  a  consider¬ 
able  level  of  cytoplasmic  staining  also  occurred  in  these  cells 
(Fig.  7).  In  the  lung,  parts  of  the  epithelial  cell  nuclei  were 
stained.  In  the  testis,  PELPl  was  localized  in  the  nuclei. 

Developmental  Regulation  of  PELPl  in  Mammary 
Glands — To  determine  whether  PELPl  expression  is  develop- 
mentally  regulated  in  mammary  glands,  we  extracted  protein 
at  various  stages  of  mammary  gland  development  and  ana¬ 
lyzed  the  expression  of  PELPl  by  Western  blot  analysis  (Fig. 
8A).  PELPl  expression  was  detected  during  all  stages  of  mam¬ 
mary  gland  development  but  was  significantly  higher  during 
pregnancy  and  also  significantly  lower  during  lactation  than 
during  any  other  stages  of  development.  The  temporal  and 
spatial  expression  of  PELPl  in  mammary  glands  was  assessed 
using  immunohistochemistry  (Fig.  8,  B-E),  which  showed  that 
PELPl  expression  was  localized  predominantly  in  the  nuclei 
with  lesser  amounts  in  the  cytoplasm  of  the  ductal  and  alveolar 
epithelial  cells  and  in  the  nuclei  of  the  stromal  fat  cells.  In  the 
pregnant  mammary  gland,  the  epithelial  cell  nuclei  showed  a 
much  stronger  staining  compared  with  other  developmental 
stages  (Fig.  SC).  The  specificity  of  the  staining  was  confirmed 
by  blocking  the  staining  with  the  epitope-specific  peptide. 
These  results  confirm  that  mammary  epithelial  cells  express 


Fig.  7.  Localization  of  PELPl  in  various  mouse  organs  in  vivo. 

Immunohistochemistry  shows  sections  of  various  murine  organs 
stained  with  PELPl  antiserum:  panel  A,  lung;  panel  B ,  anterior  pitui¬ 
tary;  panel  C,  adrenal  gland;  panel  D ,  fallopian  tubules;  panel  E,  uterus; 
panel  F,  uterus  gland;  panel  G,  testis;  panel  H ,  corpus  leuteum;  and 
panel  /,  corpus  leutium  stained  with  PELPl  antiserum  serum  preab¬ 
sorbed  with  synthetic  peptide  as  a  specificity  control. 

PELPl  in  vivo  and  that  its  expression  is  regulated 
developmentally. 

PELPl  Expression  and  Breast  Tumors — Because  PELPl  acts 
as  a  coactivator  of  the  ER  pathway  and  because  the  ER  path¬ 
way  has  been  implicated  in  breast  cancer  progression,  we  hy¬ 
pothesized  that  PELPl  expression  is  deregulated  in  breast 
cancer.  To  explore  this  possibility,  we  analyzed  the  level  of 
PELPl  expression  in  16  samples  of  paired  normal  and  breast 
cancer  tumor  biopsies.  As  shown  in  Fig.  9,  normal  breast  tissue 
expressed  very  low  levels  of  PELPl,  whereas  five  of  eight 
breast  tumors  tested  had  PELPl  levels  3-5  times  those  of 
normal  tissue.  Although  these  results  suggested  that  the  ex¬ 
pression  of  PELPl  is  up-regulated  in  breast  tumors,  a  larger 
study  is  needed  to  verify  these  results. 

DISCUSSION 

We  report  the  cloning  and  characterization  of  PELPl,  a  novel 
member  of  the  steroid  receptor  coactivator  family.  Transient 


transfection  assays  with  the  ERE-containing  reporter  genes 
clearly  demonstrated  that  PELP1  acts  as  a  coactivator  of  ERa 
(Fig.  2).  Our  conclusion  that  PELP1  is  a  coactivator  of  ERa  is 
based  on  the  following  observations:  1)  Coexpression  of  PELP1 
in  the  gal4-AF2/gal4-luc  reporter  assay  augmented  transcrip- 


Fig.  8.  PELP1  expression  in  mammary  glands  in  vivo.  Mam¬ 
mary  glands  were  isolated  from  various  developmental  stages  of  murine 
mammary  glands.  Panel  A,  Western  blot  analysis  of  PELP1  in  whole 
gland  tissue  lysates.  Panels  B-E ,  immunohistochemical  detection  of 
PELP1  expression  in  various  stages  of  mammary  gland  development. 
Sections  were  stained  with  PELP1  antiserum  and  counter  stained  with 
hematoxylin.  Panel  By  virgin; panel  C,  pregnant; panel  Dy  lactation;  and 
panel  E ,  postweaning.  PELP1  expression  was  localized  predominantly 
in  the  nuclei  with  lesser  amounts  in  the  cytoplasm  of  the  ductal  and 
alveolar  epithelial  cells  and  in  the  nuclei  of  the  stromal  fat  cells.  In  the 
pregnant  mammary  gland  ( panel  C)y  the  epithelial  cell  nuclei  showed 
much  stronger  staining.  Panel  F,  staining  of  a  section  of  lactating 
mammary  gland  with  PELP1  antibody  without  hematoxylin  counter- 
staining.  Panel  G,  section  of  lactating  mammary  gland  stained  with 
PELP1  antiserum  that  was  preadsorbed  with  synthetic  peptide  and 
used  as  a  control. 


tional  activity  of  E2  in  HeLa  cells;  2)  PELP1  augmented  the 
transcriptional  activation  of  ERE-luc  reporter  by  E2  in  a  dose- 
dependent  manner  in  breast  cancer  MCF-7  cells;  3)  PELP1 
interacted  with  endogenous  ERa  in  a  ligand-dependent  man¬ 
ner  in  immunoprecipitation  assays;  4)  PELP1  interacted  with 
the  ERa  in  vivo,  as  determined  by  confocal  microscopy.  The 
expression  of  PELP1  in  mammary  glands,  its  effect  on  E2-de- 
pendent  transcription,  and  its  interaction  with  ERa  suggest 
that  PELP1  is  an  important  component  of  the  ER  pathway  in 
mammary  epithelial  cells. 

A  well  studied  group  of  coactivators  of  ER  is  the  p!60  family 
of  coactivators.  These  coactivators  share  a  common  structure 
frame  that  includes  an  N-terminal  basic  helix-loop-helix  do¬ 
main,  a  PAS  domain,  a  C-terminal  transcriptional  activation 
domain,  and  a  central  region  containing  three  LXXLL  motifs 
(29).  Among  the  three  known  members  of  the  pl60  family,  40% 
similarity  at  the  amino  acid  level  was  observed.  pl60  coactiva¬ 
tors  also  interact  with  general  coactivators  such  as  CBP  and 
p300.  Recent  evidence  suggests  that  multiprotein  complexes, 
including  liganded  NR,  coregulator,  and  general  transcription 
machinery,  regulate  the  transcriptional  activation  by  NRs  (3,  8, 
16).  Although  PELP1  migrated  as  a  160-kDa  protein  and  stim¬ 
ulated  E2-mediated  transcription,  the  only  similarity  between 
the  amino  acid  sequence  of  PELP1  and  that  of  pi 60  coactiva¬ 
tors  is  that  both  contain  LXXLL  motifs.  PELP1  also  lacks  the 
conserved  basic  helix-loop-helix  and  PAS  domains  present  in 
pl60  coactivators  and  therefore  represents  a  novel  member  of 
the  steroid  coregulators.  Further,  PELP1  showed  no  intrinsic 
transcriptional  activity  when  tethered  to  the  gal4  binding  do¬ 
main.  Lack  of  intrinsic  transcriptional  activity  was  also  ob¬ 
served  in  some  coactivators  such  as  PCAF  (31)  and  TIP60  (32). 
These  results  suggest  that  PELP1  may  enhance  the  transcrip¬ 
tion  by  recruiting  necessary  factors  to  the  liganded  ER  com¬ 
plex.  We  are  currently  investigating  the  potential  PELPl-in- 
teracting  proteins  by  the  yeast  two-hybrid  system. 

ER  transactivation  functions  are  believed  to  be  mediated  by 
the  binding  of  coactivators  and  by  the  recruitment  of  resulting 
complexes  to  the  promoter  (5,  33).  The  surface  of  the  E2-de- 
pendent  AF2  domain  consists  of  a  cluster  of  residues  from 
helices  3,  5,  and  12  which  form  a  hydrophobic  patch  on  the 
surface  of  liganded  LBD  (34,  35).  The  hydrophobic  patch  on 
AF2  binds  to  coactivators  such  as  the  pl60  family  of  proteins 
via  their  LXXLL  motifs.  Structural  and  functional  analysis  of 
several  coactivators  revealed  that  coactivators  interact  with 
ligand-bound  AF2  domains  via  LXXLL  motifs,  which  have  been 
shown  to  be  sufficient  in  mediating  the  binding  of  coactivators 
to  liganded  NRs  (16).  LXXLL  motifs  are  present  not  only  in 
pl60  coactivators,  but  also  in  general  coactivators  including 
CBP,  p300,  and  P/CAF.  Furthermore,  corepressor  proteins 
such  as  RIP140,  TIF1,  and  orphan  receptor  DAX1  also  use 


Fig.  9.  PELP1  expression  in  normal  and  tumors  of  breast.  Panel  A ,  cell  lysates  from  paired  samples  of  normal  breast  and  breast  tumors 
were  analyzed  by  Western  blotting  using  PELP1  antiserum  ( top  section)  and  subsequently  reprobed  with  vinculin  antibody,  which  served  as  a 
loading  control  ( middle  section ).  Panel  By  the  average  expression  of  PELP1  in  normal  breast  tissue  and  breast  tumors  was  quantitated  by  the  Sigma 
Scan  program  and  is  shown  in  the  bar  graph. 
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8  PELP1  Regulation  of  ERa 


these  motifs  to  interact  with  NRs  (21,  36).  The  number  of 
LXXLL  motifs  in  the  coactivators  varies:  SRC1,  GRIP1,  and 
AIB1  have  three  such  motifs  (3),  and  PELP1  has  nine  motifs. 
Similar  to  SRC1,  PELP1  contains  two  LXXLL  motifs  that  are 
located  in  its  central  region,  and  the  other  seven  LXXLL  motifs 
are  concentrated  in  the  N-terminal  region.  The  N-terminal 
region  containing  seven  LXXLL  motifs  alone  is  sufficient  to 
bind  to  ERa.  We  do  not  know  which  of  the  PELP1  seven  LXXLL 
motifs  mediate  interaction  with  ERa  receptor;  deletion  studies 
are  in  progress  to  identify  the  function  of  each  motif.  It  has 
been  reported  that  another  nuclear  receptor  coregulator,  hu¬ 
man  RIP140,  also  contains  nine  LXXLL  motifs.  RIP140  is 
shown  to  interact  with  ER  and  stimulate  ER-dependent  tran¬ 
scription  (12).  Recent  evidence  suggests  that  RIP140  also  func¬ 
tion  as  a  corepressor  for  nuclear  orphan  receptor  TR2  pathways 
(36,  37).  We  do  not  know  whether  PELP1  has  any  role  in  the 
transcriptional  regulation  of  class  II  NRs  (non-steroidal  NR, 
retinoic  acid  receptor,  retinoid  X  receptor,  and  thyroid  hormone 
receptor)  or  class  III  NRs  (orphan  receptors)  and  are  currently 
planning  studies  to  address  these  possibilities. 

It  has  been  speculated  that  differential  expression  of  coacti¬ 
vators  among  tissues  contributes  at  least  partly  to  the  different 
responses  elicited  by  hormones.  Coactivators  of  ERa  such  as 
SRC1,  GRIP1,  and  CBP/P300  exhibit  ubiquitous  expression 
patterns  and  are  therefore  less  likely  to  be  involved  in  tissue- 
specific  actions  of  ERa.  AIB1,  a  member  of  the  pl60  family  of 
coactivators,  has  been  shown  to  be  overexpressed  in  ER-posi- 
tive  cell  lines  and  breast  tumors  (38).  Recently,  coactivators 
other  than  those  in  the  pl60  family  of  coactivators  were  re¬ 
ported  to  regulate  the  transactivation  potential  of  ERa.  One 
such  coregulator,  peroxisome  proliferator-activated  receptor  y 
coactivator  (PGC-1)  is  expressed  selectively  in  the  brain,  heart, 
kidneys,  adipose  tissue,  and  skeletal  muscles  (22).  PELP1  is 
expressed  in  high  levels  in  the  testes,  mammary  glands,  pla¬ 
centa,  and  brain  and  potentially  has  a  role  in  the  NR  function 
in  these  tissues.  Further,  developmental  regulation  of  PELP1 
in  mammary  glands  may  be  a  reflection  of  differential  response 
of  steroid  hormones  during  development. 

The  ER  signaling  pathway  has  been  implicated  in  the  pro¬ 
gression  of  breast  cancer  tumorigenesis.  Coregulators  that  reg¬ 
ulate  the  activity  of  ER  play  a  role  in  tumor  progression.  AIB1 
was  shown  to  be  amplified  and  overexpressed  in  breast  and 
ovarian  cancer  (38).  In  the  present  study,  we  observed  that 
PELP1  expression  was  3-5  times  higher  in  breast  tumors  than 
in  normal  tissues.  PELP1  expression  was  also  observed  in 
several  breast  cancer  cell  lines.  PELP1  localized  to  the  nuclei 
regulates  ER  activation  and  interacts  with  general  coactivators 
such  as  CBP/p300.  All  of  these  findings  suggest  that  overex¬ 
pression  of  PELP1  may  impact  the  nuclear  signaling  pathways 
and  modulate  the  responses  of  estrogen  and  anti-estrogens  in 
hormone-dependent  cancers. 

In  summary,  we  have  demonstrated  that  PELP1  is  a  ligand- 
dependent  coregulator  of  estrogen  receptor.  The  primary  struc¬ 
ture  of  PELP1  contains  several  motifs  commonly  present  in  the 
transcriptional  regulators  including  LXXLL  motifs,  zinc  finger, 
and  glutamic-  and  proline-rich  regions.  Moreover,  PELP1  acts 


as  a  coactivator  in  the  ER  pathway  and  is  overexpressed  in 
breast  cancer. 
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ABSTRACT  Protein  kinases,  the  enzymes  responsible  for  phosphorylation  of  a  wide  variety  of 
proteins,  are  the  largest  class  of  genes  known  to  regulate  growth,  development,  and  neoplastic 
transformation  of  mammary  gland.  Mammary  gland  growth  and  maturation  consist  of  a  series  of 
highly  ordered  events  involving  interactions  among  several  distinct  cell  types  that  are  regulated  by 
complex  interactions  among  many  steroid  hormones  and  growth  factors.  The  mammary  gland  is  one  of 
the  few  organ  systems  in  mammals  that  complete  their  morphologic  development  postnatally  during 
two  discrete  physiologic  states,  puberty  and  pregnancy.  Thus  the  mammary  gland  is  an  excellent  model 
for  studying  normal  development  and  the  early  steps  of  tumor  formation.  The  susceptibility  of  the 
mammary  gland  to  tumorigenesis  is  influenced  by  its  normal  development,  particularly  during  stages 
of  puberty  and  pregnancy.  Numerous  experimental  and  epidemiological  studies  have  suggested  that 
specific  details  in  the  development  of  the  mammary  gland  play  a  critical  role  in  breast  cancer  risk. 
Mammary  gland  development  is  characterized  by  dynamic  changes  in  the  expression  and  functions  of 
protein  kinases.  Perturbations  in  the  regulated  expression  or  function  of  protein  kinases  or  their 
associated  signaling  pathways  can  lead  to  malignant  transformation  of  the  breast.  For  example, 
overexpression  of  several  receptor-tyrosine  kinases,  including  human  epidermal  growth  factor  receptor 
and  HER2/c-new,  has  been  shown  to  contribute  to  the  development  of  breast  cancer.  Since  receptor- 
tyrosine  kinases  regulates  several  essential  processes  such  as  mitogenesis,  motility,  invasion,  cell 
survival  and  angiogenesis,  targeting  receptor-tyrosine  kinases  may  have  important  implications  in 
designing  the  strategies  against  breast  cancer. 
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INTRODUCTION 


Breast  cancer  is  the  leading  type  of  cancer  in  women  and  is  the  second  leading  cause  of  cancer 
death  among  women.  In  the  United  States  in  1998,  an  estimated  178,700  new  cases  of  breast  cancer 
were  expected  to  be  diagnosed,  and  43,500  women  were  expected  to  die  of  this  disease.  Approximately 
2,000,000  women  have  been  diagnosed  with  breast  cancer.  Breast  cancer  also  occurs  in  men,  although 
far  more  rarely  than  in  women;  treatment  for  breast  cancer  in  men  is  guided  by  our  understanding  of 
the  disease  in  women. 

Our  limited  understanding  of  the  biology  and  developmental  genetics  of  the  normal  mammary 
gland  has  been  a  barrier  to  progress  in  treating  breast  cancer.  Much  of  the  biological  research  in  the 
recent  past  has  focused  on  understanding  the  initiation  and  development  of  the  disease.  Data  from 
emerging  models  suggest  that  we  need  to  better  understand  crucial  signaling  components  in  the  normal 
mammary  gland  before  any  beneficial  impact  on  the  prevention  and  treatment  of  breast  cancer  can  be 
expected. 

In  this  review,  we  summarize  some  of  the  recent  findings  about  the  role,  the  expression,  and 
biological  effects  of  both  tyrosine'  and  serine/threonine  protein  kinases  during  development  and 
tumorigenesis  of  the  mammary  gland.  Because  of  the  nature  and  depth  of  the  information  available  on 
this  subject,  we  could  only  include  representative  studies,  and  we  apologize  to  those  whose  work  could 
not  be  covered. 


MAMMARY  GLAND  DEVELOPMENT 

Mammary  gland  growth  and  maturation  consist  of  a  series  of  highly  ordered  events  involving 
interactions  among  several  distinct  cell  types  that  are  regulated  by  complex  interactions  among  many 
steroid  hormones  and  growth  factors.  In  4-week-old  mice,  the  mammary  glands  become  increasingly 
sensitized  to  elevations  in  ovarian  hormones,  which  signal  the  terminal  end  buds  (club-shaped 
epithelial  structures)  to  grow  away  from  the  nipple  region  to  fill  the  fat  pad.  During  this  rapid  but 
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tightly  regulated  growth  phase,  an  extensive  network  of  epithelial  ductal  tree-like  branching  develops. 
When  the  expanding  mammary  ductal  mass  reaches  the  limits  of  its  fat  pad,  the  terminal  end  bud 
structures  are  permanently  replaced  by  mitotically  quiescent  terminal  end  ducts  and  alveolar  buds.  At 
the  onset  of  pregnancy,  rapid  epithelial  cell  proliferation  begins  again,  resulting  in  additional  ductal 
branching  and  lobuloalveolar  growth  from  the  ductal  skeleton.  These  alveoli  are  the  functional  units  of 
milk  production  at  lactation,  the  time  at  which  the  gland  is  fully  differentiated  (Fig.l).  After  lactation 
ceases,  the  gland  undergoes  massive  restructuring  and  apoptosis,  leading  to  involution  and  return  of  the 
primary  ductal  structures  (Nandi,  1959;  Daniels  et  al.,  1987;  Medina,  1996). 

A  balance  between  cell  proliferation,  cell  differentiation,  and  cell  death  in  the  stem  cell 
population  and  throughout  the  mammary  gland  is  critical  for  normal  development.  In  contrast, 
perturbations  in  this  balance  can  contribute  to  cancer  development.  Conditions  that  upregulate  cell 
proliferation  or  downregulate  apoptosis  can  allow  accumulation  of  mutations  that  contribute  to  the 
subsequent  development  of  breast  cancer.  It  is  not  clear,  however,  how  normal  mechanisms  and 
signaling  pathways  controlling  growth  and  apoptosis  in  the  human  breast  act  in  tumor  development,  in 
protection  from  tumor  development  or  in  tumor  dissemination. 

MAMMARY  GLAND  CARCINOGENESIS 

Epidemiologic  studies  have  suggested  that  specific  details  in  the  development  of  the  mammary 
gland  play  a  critical  role  in  breast  cancer  risk  (Kelsy  and  Gammon,  1997;  Anderson  et  al.,  1997).  Some 
of  the  risk  factors  for  breast  cancer  include  nulliparity  or  first  full-term  pregnancy  after  age  30,  early 
menarche,  late  menopause  and  a  family  history  of  breast  cancer  (Rondinelli  et  al.,  1995;  Russo  and 
Russo,  1980).  In  contrast,  early  parity,  late  menarche,  early  menopause,  and  long  periods  of  lactation 
provide  a  protective  effect  against  breast  cancer  (Russo  and  Russo,  1982;  Henderson  et  al.,  1993). 
Therefore,  systemic  endocrine  patterns  and  reproductive  changes  occurring  in  the  human  breast  have 
important  implications  for  breast  cancer.  The  observation  that  the  same  endocrine  events  control 
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mammary  development  and  influence  breast-cancer  risk  strengthens  the  hypothesis  that  mammary 
gland  development  and  carcinogenesis  are  fundamentally  linked.  For  example,  exposure  of  early-stage 
rat  mammary  glands  to  carcinogens  resulted  in  significant  mutations  associated  with  malignant 
transformation  and  increased  the  susceptibility  to  tumor  formation.  Although  these  hormonal  risk 
factors  provide  clues  for  target  cell  predisposition  to  breast  cancer,  the  underlying  mechanisms, 
including  the  role  of  signaling  pathways,  remain  poorly  understood. 

The  susceptibility  of  the  mammary  gland  to  tumorigenesis  is  influenced  by  its  normal 
development,  particularly  during  puberty  and  pregnancy  stages  that  are  characterized  by  marked 
alterations  in  cell  proliferation  and  differentiation.  The  nature  of  these  changes  suggests  that 
tumorigenesis  is  closely  related  to  normal  developmental  pathways  in  the  breast  (Russo  and  Russo, 
1982;  Henderson  et  al.,  1993).  Thus,  understanding  the  mechanisms  by  which  reproductive  events 
regulate  breast  cancer  development  will  require  a  better  understanding  of  the  genes  that  control 
mammary  proliferation  and  motility.  Protein  kinases  that  function  by  phosphorylation  of  a  wide  variety 
of  proteins,  are  the  largest  class  of  genes  known  to  regulate  the  normal  development  and  neoplastic 
transformation  of  mammary  gland.  Protein  kinases  are  grouped  into  two  categories-  tyrosine  kinase 
and  serine/threonine  kinases.  Depending  on  the  subcellular  localization,  protein  kinases  are  also 
divided  into  receptor  and  non-receptor  kinases.  About  forty  protein  kinases  have  been  found  to  be 
expressed  in  mammary  glands  (Table  1). 

THE  HUMAN  EGF  RECEPTOR  FAMILY  IN  BREAST  CANCER 

Growth  factors  are  secreted  polypeptides  that  regulate  the  growth  of  both  normal  and  neoplastic 
cells.  Proto-oncogenes  are  a  group  of  normal  genes  that  play  important  roles  in  the  regulation  of  cell 
proliferation.  Evidence  that  the  gene  products  of  several  activated  proto-oncogenes  are  either  growth 
factor  receptors  or  growth  factors  initially  suggested  a  possible  link  between  proto-oncogenes  and 
growth  factors  (Ullrich  and  Schlessinger,  1990).  Recent  studies  have  established  an  essential  role  of 
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growth  factors  and  their  receptors  in  the  regulation  of  proliferation  of  mammary  epithelial  and  cancer 
cells. 

Currently,  the  EGF  family  of  growth  factors  consists  of  seven  members-  EGF,  transforming 
growth  factor-a  (TGF-a),  heparin-binding  EGF-like  growth  factor  (HB-EGF),  amphiregulin  (AR), 
betacellulin  (BTC),  epiregulin  (ER)  and  heregulins  (HRG)  (Peles  and  Yarden,  1993;  Riese  and  Stem, 
1998).  The  EGF  family  of  ligands  binds  to  transmembrane  receptor  tyrosine  kinases,  commonly 
known  as  HER  receptors  (Human  Epidermal  growth  factor  Receptor)  (Klapper  et  al.,  2000;  Olayioye 
et  al.,  2000;  Mendelsohn  and  Baselga,  2000).  The  HER  family  consists  of  four  distinct  members, 
including  the  EGF  receptor  (also  known  as  HER1),  HER2  (also  known  as  c-erbB-2  or  c-neu),  HER3, 
and  HER4.  These  receptors  are  composed  of  an  extracellular  binding  domain,  a  transmembrane 
lipophilic  segment,  and  an  intracellular  protein  tyrosine  kinase  domain  with  a  regulatory  carboxy 
terminal  segment,  with  the  only  exception  of  HER3,  which  has  a  deficient  tyrosine  kinase  domain.  All 
of  these  receptors  share  sequence  homology  with  the  tyrosine  kinase  domain  of  EGF  receptor  (Hynes 
and  Stem,  1994).  Binding  of  ligand  to  the  HER  receptor  triggers  the  formation  of  homo-  or  hetero- 
dimeriztion  of  HER  members  leading  to  receptor  autophophorylation,  recruitment  of  adaptor 
molecules,  and  activation  of  signal  transduction  pathways  leading  to  gene  expression  and  different 
phenotypic  changes  (Graus-Porta  et  al.,  1997).  Aberrant  expression  and  activation  of  EGFR  is 
observed  in  various  human  tumors.  HER2  has  been  shown  to  be  overexpressed,  amplified,  or  both,  in  a 
number  of  human  malignancies,  including  breast  and  ovarian  cancers  (Pinkas-Kramarski  et  al.,  1997; 
Alroy  and  Yarden,  1997).  Over  expression  of  the  HER  receptors  has  been  shown  to  be  closely 
associated  with  an  increased  progression  and  metastasis,  an  aggressive  clinical  course,  and  decreased 
disease-free  survival  cancer  patients.  Over  expression  of  some  growth  factor  receptors  has  been  shown 
to  induce  transformed  properties  in  the  recipient  cells  (Riedel  et  al.,  1998;  Zhang  et  al.,  1996),  possibly 
because  of  excessive  activation  of  signal  transduction  pathways. 
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The  regulation  of  HER  family  members  by  the  EGF  family  of  ligands  is  complex,  as  binding  of 
ligands  to  these  receptors  can  lead  to  the  formation  of  multiple  distinct  homo  or  heterodimers  among 
the  HER  receptors  and  thus  presumably,  engagement  of  distinct  signaling  pathways.  In  addition  to 
dimerization,  ensuing  receptor  trans-autophosphorylation  results  in  the  dissociation  of  the  original 
(primary)  receptor  dimer  and  phosphorylated  receptor  monomer  then  interacts  with  a  new 
(nonphosphorylated)  receptor  to  form  a  secondary  dimer.  Treatment  of  cells  with  EGF  yields  HER2- 
HER3  secondary  dimers,  and  HRG  treatment  induces  the  formation  of  HER3-EGFR  (secondary) 
dimers  (Garnet  et  al.,  1997).  It  has  been  proposed  that  such  signaling  through  various  combinations  of 
HER  receptors  may  be  responsible  for  distinct  biological  functions  (Alroy  and  Yarden,  1997).  HER3  is 
unique  among  the  HER  family  members,  as  it  has  an  impaired  tyrosine  kinase  domain  due  to 
substitution  of  three  amino  acids  in  the  kinase  domain  (Guy  et  al.,  1994).  Despite  the  lack  of  kinase 
activity  of  HER3,  ligand  binding  to  HER3  leads  to  increased  HER3  tyrosine  phosphorylation,  probably 
due  to  formation  of  a  high-affinity  co-receptor  complex  through  heterodimeric  interaction  with  HER2 
(Horan  et  al.,  1995).  It  is  believed  that  among  HER  family,  theHER2/HER3  dimer  complex  elicits  the 
most  potent  mitogenic  signal  (Alimandi  et  al.,  1995;  Pinkas-Kramarski  et  al.,  1996).  This  may  be 
related  to  the  fact  that  the  carboxy-terminal  phosphorylation  domain  of  HER3  contains  several 
consensus  sites  for  the  binding  of  signal-transducing  proteins  implicated  in  mitogenic  signaling, 
including  phosphatidylinositol  3-kinase  (PI  3-kinase)  (Prigent  and  Gullick,  1994;  Alimandi  et  al., 
1995;  Pinkas-Kramarski  et  al.,  1996).  A  ligand  that  interacts  with  HER2  in  the  absence  of  other  HER 
family  members  has  yet  to  be  identified.  The  ligands  for  HER  family  receptors  are  summarized  in  table 
2,  and  the  variety  of  dimerization  among  HER  family  members  elicited  by  specific  ligands  is  depicted 
in  Fig2. 

The  dimerization  and  activation  of  HER  receptors  result  in  the  phosphorylation  of  tyrosine 
residues,  and  provides  docking  sites  for  intracellular  molecules  that  possess  Src  homology  2  (SH2)  or 
phosphotyrosine  (PTB)  binding  domains  (Heldin,  1995;  Weiss  AND  Schlessinger,  1998;  Shoelson 
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1997;  Sudol,  1998).  These  proteins  includes  kinases  such  as  Src,  Chk,  PI-3K  as  well  as  adaptor 
proteins  such  as  She,  Crk,  Grb2,  Grb7  and  Gabl.  There  is  a  large  scale  of  overlap  among  the  pathways 
activated  by  the  four  HERs,  leading  to  activation  of  MAP  kinase  pathway  via  the  coupling  of  She  or 
Grb2.  However,  there  is  also  a  preferential  modulation  of  specific  pathways  (Olayioye  et  ah,  2000). 
For  example,  among  the  HER  family  members,  HER3  is  the  most  efficient  activator  of  PI-3  kinase 
pathway  due  to  presence  of  multiple  binding  sites  for  p85  on  HER3  (Prigent  and  Gullick,  1994).  In 
general,  the  multiple  choices  of  ligand  combinations  and  different  dimerization  offer  a  wide  range  of 
signaling  options  to  regulate  phenotypic  changes  in  cancer  cells. 

HER  FAMILY  LIGANDS  IN  MAMMARY  GLAND  TUMORIGENESIS 

Perturbations  in  the  regulated  expression  or  function  of  protein  kinases  or  their  associated 
signaling  pathways  can  lead  to  malignant  transformation  of  the  breast.  For  example,  overexpression  of 
several  tyrosine  kinases  have  been  shown  to  contribute  to  the  development  of  breast  cancer  in  both 
humans  and  animal  model  systems.  These  kinases  are  human  epidermal  growth  factor  receptor,  and 
HER2/c-«ew.  Similarly,  the  ligands  for  protein  kinases,  including  EGF,  TGF-alpha,  amphiregulin, 
cripto,  and  HRG,  play  important  roles  in  normal  ductal  and  alveolar  development  as  well  as  in 
transformation  of  the  mammary  gland  (Colemen  et  ah,  1990;  Vonderhaar,  1987;  Kenney  et  ah,  1995). 

Growth  and  morphogenesis  of  the  mammary  gland  are  driven  not  only  by  an  intrinsic  genetic 
program  but  also  by  signals  or  growth  factors  provided  by  neighboring  cells  and  tissues.  Like  many 
other  organs,  the  normal  development  of  mammary  gland  also  depends  on  the  epithelium  and 
mesenchyme/stromal  interaction  and  also  the  interaction  within  the  epithelium.  Heregulin  (HRG)  is  a 
combinatorial  ligand  for  HER-3  and  -4  and  transactivates  HER2  and  EGF  receptors.  HRG  is  expressed 
within  the  mammary  mesenchyme  adjacent  to  lobuloalveolar  structures.  HRG  expression  is  regulated 
during  mammary  gland  development  and  is  maximally  expressed  during  pregnancy  and  early  lactation 
(Schroeder  and  Lee,  1998;  Jones  et  ah,  1996).  In  breast  tumor  cells,  HRG  seems  to  have  a  mitogenic 
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effect  and  induces  differentiation  and  the  synthesis  of  milk  proteins.  HRG  induces  in  vivo  proliferation 
and  differentiation  of  normal  mammary  epithelium  into  secretory  lobuloalveoli  (Jones  et  al.,  1996). 
Furthermore,  targeted  expression  of  a  HRG  transgene  resulted  in  persistence  of  terminal  end  buds  and 
late  development  of  mammary  adenocarcinomas,  suggesting  that  HRG  may  inhibit  signals  that 
normally  lead  to  terminal  differentiation  (Krane  and  Leder,  1996;  Neimann  et  al.,  1998).  HRG  also 
mediates  the  proliferative  effects  of  progestins  in  mouse  mammary  adenocarcinomas  (Balana  et  al., 
1999).  Finally,  accumulating  evidence  suggests  that  the  HRG  promote  cell  motility,  invasiveness  and 
the  development  of  more  aggressive  phenotype  in  mammary  cancer  cells  (Adam  et  al.,  1998;  Adam  et 
al.,  2000;  Vadlamudi  et  al.,  1999a, b;  Vadlamudi  et  al.,  2000). 

PROTEIN  KINASES  IN  MAMMARY  GLAND  DEVELOPMENT  AND  CANCER 
I.  RECEPTOR  TYROSINE  KINASES 

One  of  the  most  powerful  tools  to  ascertain  about  the  role  of  a  given  protein  is  the  development 
of  a  knockout  mouse.  In  this  context,  deletion  of  HER  family  of  receptors  has  been  shown  to  be  lethal 
due  to  early  embryonic  defects  in  heart  and  brain  development  in  knockout  mice  (Lee  et  al.,  1995; 
Gassmann  et  al.,  1995;  Riethmacher  et  al.,  1995;  Erickson  et  al.,  1997).  Therefore,  our  current 
understanding  of  the  roles  of  HER  family  members  in  the  mammary  gland  comes  from  cell  culture  and 
transgenic  models. 

EGFR  is  found  to  be  essential  for  the  ductal  morphogenesis  of  the  mammary  gland.  Expression 
of  EGFR  was  found  to  be  throughout  all  the  developmental  stages  and  preferentially,  in  the  ductal 
epithelium  (Shroeder  and  Lee,  1998).  In  the  wa-2  mice  that  harbor  a  point  mutation  in  the  kinase 
domain  of  EGFR,  the  mammary  gland  was  very  sparsely  developed  (Fowler  et  al.,  1995).  Furthermore, 
overexpression  of  a  kinase-inactive  form  of  EGFR  under  the  control  of  the  MMTV  promoter  in  the 
murine  mammary  gland  also  resulted  in  a  retarded  ductal  development  during  puberty,  but 
lobuloalveolar  development  was  not  affected  (Xie  et  al.,  1997).  An  EGFR  ligand  knockout  mice  study 
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also  revealed  a  role  for  EGFR  in  mammary  gland  development  during  ductal  development.  Of  the 
three  EGFR  specific  ligands,  EGF,  AR  and  TGFa,  AR  is  preferentially  expressed  in  the  epithelium  of 
developing  ducts.  Targeted  disruption  of  AR  but  not  EGF  and  TGFa,  resulted  in  an  impaired  ductal 
growth  without  any  affect  on  lobular  alveolar  development.  Complete  disruption  of  all  these  three 
ligands,  however,  abrogated  the  lactogenesis  (Luetteke  et  al.,  1999).  In  brief,  AR  plays  an  essential 
role  in  the  action  of  EGFR  during  ductal  development  of  mammary  glands,  while  TGFa  and  EGF  are 
functionally  redundant  but  required  for  the  fully  normal  development  of  mammary  gland. 

HER2  plays  an  essential  role  in  normal  mammary  gland  development,  particularly,  during 
alveolar  morphogenesis.  In  addition,  overexpression  of  the  activated  hybrid  receptor  containing  the 
intracellular  domain  of  HER2  can  also  induce  alveolar  morphogenesis  in  the  absence  of  growth  factors 
(Niemann  et  al.,  1998).  In  accordance,  transgenic  mice  expressing  dominant  negative  HER2  failed  to 
develop  functional  alveoli,  while  ductual  branching  was  not  affected  (Jones  and  Stem,  1999). 

The  roles  of  HER3  and  HER4  in  mammary  gland  development  appear  to  be  mainly  related  to 
lobuloalveolar  morphogenesis.  This  may  be  related  to  the  fact  that  HRG,  the  primary  ligand  for  these 
receptors,  is  expressed  during  pregnancy  and  early  lactation  phase  when  lobuloalveolar  morphogenesis 
takes  place  (Yang  et  al.,  1995).  This  observation  also  derives  support  from  in  vitro  studies  showing  the 
effectiveness  of  HRG  antisense  oligonucleotides  in  blocking  lobuloalveolar  but  not  ductal 
morphogenesis  in  an  organ  culture  model  (Yang  et  al.,  1995).  Also,  planting  slow  HRG-releasing 
beads  in  the  mammary  fat  pads  induces  lobuloalveolar  development  of  the  mammary  glands  (Jones  et 
al.,  1996).  The  heterodimerization  between  HER3  and  HER2  seems  to  be  important  in  inducing 
lobuloalveolar  development.  The  homodimerization  of  HER2  achieved  by  blocking  HER3  with 
specific  antibody  only  induces  cell  proliferation,  but  not  morphogenesis,  in  the  cultured  HB2  human 
mammary  epithelial  cells  (Baeckstrom  et  al.,  2000).  HER4  mainly  acts  as  a  differentiation  factor.  The 
expression  of  HER4  is  elevated  in  the  mature  female  mice  (Shroeder  and  Lee,  1998;  Darcy  et  al., 
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2000).  During  pregnancy,  HER4  is  expressed  but  not  activated  till  late  when  differentiation  and 
secretory  activity  predominate  over  proliferation.  HER4  activity  peaked  at  lactation,  when  mammary 
glands  undergo  terminal  differentiation  (Schroeder  and  Lee,  1998).  In  transgenic  mice  with  alveoli 
expressing  the  dominant  negative  HER4,  the  mammary  glands  were  condensed  and  lacked  normal 
lumenal  lactation  products.  The  whey  acidic  protein,  and  a-lactalbumin  protein  but  not  the  (1-casein 
production  were  much  reduced  in  these  alveoli  (Jones  et  al.,  1999).  The  phosphorylation  of  Stat5a, 
which  is  critical  for  the  functional  differentiation  of  mammary  gland  (Liu  et  al.,  1996,  1997; 
Hennighausen  et  al.,  1997)  was  markedly  reduced  in  these  alveoli. 

Met  is  the  receptor  for  hepatocyte  growth  factor/scatter  factor  (HGF/SF).  The  function  of  Met 
has  been  linked  with  the  cell  mitogenic  response,  cell  motility  and  the  promotion  of  ordered  spatial 
arrangement  of  tissue.  In  a  cultured  human  breast  cancer  cell  line,  Met  was  seen  to  be  expressed  in 
cells  bordering  lumen-like  structures  that  resemble  ducts.  Met  expression  has  also  been  reported  in  the 
normal  human  mammary  ductal  cells  (Niemann  et  al.,  1992).  The  mRNA  expression  of  both  Met  and 
its  ligand  HGF  are  progressively  reduced  during  pregnancy,  are  virtually  undetectable  during  lactation, 
and  increase  during  the  phase  of  involution  to  prepregnancy  levels  (Soriano  et  al.,  1998).  The  reduction 
in  HGF  and  Met  expression  corresponds  to  periods  in  which  functions  other  than  tubulogenesis 
predominate  in  the  mammary  gland,  namely  alveologenesis  (mid  to  late  pregnancy)  and  milk  protein 
synthesis  (lactation).  Moreover,  adding  of  prolactin  significantly  reduce  the  level  of  Met  mRNA  in  the 
cultured  murine  mammary  epithelial  cells.  In  vitro  cell  culture  analysis  also  established  the  role  of  Met 
in  inducing  the  morphogenic  process  of  mammary  glands  (Yang  et  al.,  1995).  EpFI4  mouse  mammary 
epithelial  cells  cultured  in  matrigel  form  branched  tubules  in  the  presence  of  hepatocyte  growth 
factor/scatter  factor  (HGF/SF),  the  ligand  of  Met.  The  branch  induced  by  HGF  was  abrogated  by  the 
PI3  kinase  inhibitor  wortmannin  and  LY294002  (Nieman  et  al.,  1998).  This  effect  can  also  be  evoked 
by  transfection  of  a  Met  specific  substrate,  Gabl,  which  can  activate  the  PI3  kinase  pathway.  These 


ll 


studies  suggested  that  Met  is  required  for  the  development  of  ductal  networks  in  the  mammary  glands. 
In  breast  cancer,  both  hepatocyte  growth  factor  and  Met  have  been  reported  to  have  an  elevated  level 
of  expression  and  their  expression  level  had  a  close  relation  with  the  rapid  progression,  more  frequent 
recurrence  and  poor  prognosis  (Yamashita  et  al.,  1994;  Beviglia  et  al.,  1997;  Ghoussoub  et  al.,  1998; 
Edakuni  et  al.,  2001) 

Ron,  a  member  of  the  Met  family,  is  the  receptor  for  the  macrophage  stimulating 
factor/Scatter  factor  II.  In  normal  mammary  tissue,  Ron  is  at  a  barely  detectable  level  (Maggiora  et  al., 
1 998),  and  there  is  no  study  yet  reported  about  its  role  in  the  normal  development  of  mammary  gland. 
Activation  of  Ron  in  vitro  promoted  the  proliferation,  migration  and  tubulogenesis  of  cultured  MDCK 
canine  kidney  cells  and  can  not  transform  the  NIH3T3  fibroblast  cells  (Santoro  et  al.,  1996).  Ron  was 
reported  to  be  overexpressed  in  more  than  50%  of  the  breast  cancers.  And  activation  of  Ron  in  cultured 
breast  cancer  cells  ZR75  caused  increased  proliferation,  migration  and  invasive  (Maggiora  et  al., 
1998). 

DDR1  (Discoidin  domain  receptor  1)  is  the  receptor  for  several  types  of  collagen,  and  it  is  also 
a  member  of  RTK  family.  A  recent  DDRl-gene  knockout  study  revealed  the  essential  role  of  this 
receptor  kinase  and  also  its  ligand,  the  collagens  in  mammary  gland  development.  The  DDR1  binding 
sites  were  found  in  the  ducts,  but  the  most  striking  phenomena  was  the  retarded  lobuloalveolar 
development  and  impaired  lactogenesis.  (Vogel  et  al.,  2001). 

II.  NON-RECEPTOR  TYROSINE  KINASES 

Janus  kinases  (Jak)  are  non-receptor  tyrosine  kinases,  and  play  an  important  figure  in  the 
pathway  for  the  functional  differentiation  of  mammary  gland.  Upon  binding  with  the  ligand,  prolactin 
receptor  phosphorylate  and  activate  Jak2  which  in  turn  phophosrylate  transcription  factors  such  as 
Stat5a,  which  then  translocate  to  nucleus  and  activate  genes  for  lactation  such  as  p-casein  and  whey 
acidic  protein  (WAP)  (Hennighausen  et  al.,  1997).  Recently  studies  have  shown  that  Jaks  also 
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phosphorylate  the  kinase  domain  of  non-activated  HER2,  the  physiological  significance  of  which 
remains  to  be  established. 

Etk/Bmx,  a  member  of  the  Tec  family  of  nonreceptor  protein-tyrosine  kinases,  is  characterized 
by  an  N-terminal  pleckstrin  homology  domain  and  has  been  shown  to  be  a  downstream  effector  of 
phosphatiylinositol-3  kinase.  The  expression  of  wild-type  Etk  in  a  non-invasive  human  breast  cancer 
MCF-7  cells  significantly  increased  proliferation  and  anchorage-independent  growth  of  epithelial 
cancer  cells.  Conversely,  expression  of  kinase-inactive  mutant  Etk-KQ  suppressed  the  proliferation, 
anchorage-independent  growth,  and  tumorigenicity  of  human  breast  cancer  MDA-MB435  cells 
(Bagheri-Yarmand  et  al.,  2001).  So  far,  there  is  no  study  reported  on  the  in  vivo  study  of  Etk  and 
breast  cancer. 

III.  SERINE/THREONINE  KINASES 

TGF-beta  receptors  are  serine/threonine  kinases,  including  type  I  and  type  II  receptor.  Upon 
binding  with  their  ligands,  type  I  and  type  II  receptors  form  heterodimers  which  then 
autophosphorylate  serine  and  threonine  residues.  The  downstream  signaling  molecules  are  mainly 
members  of  Smad  family.  After  activation,  TGF-betal  receptors  phosphorylate  Smad  1-3,  depending 
on  the  organ  and  tissue,  which  then  recruits  Smad4,  and  then  the  complex  translocates  to  the  nucleus 
where  it  regulates  transcriptional  activity  of  a  specific  set  of  genes.  There  are  also  inhibitory  Smads, 
namely  Smad6  and  7,  which  inhibits  the  translocation  of  Smads  from  cytoplasm  to  nucleus,  conferring 
to  this  system  a  fine  tuning  knob.  Besides  this  main  Smad  pathway,  TGF-beta  can  also  activate  the 
mitogen-activated  protein  kinase  (MAPK)  pathway,  and  the  different  biological  responses  to  TGF- 
beta,  which  depend  to  varying  degrees  on  activation  of  either  or  both  of  these  two  pathways 
(Wakefield  et  al.,  2001). 

Several  known  members  of  the  TGF-beta  receptor  superfamily  like  TpRI  and  T(3II,  ActRI  and 
ActRII,  as  well  as  a  variety  of  ligands  were  found  to  be  expressed  in  regulated  pattern  in  the  mammary 
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glands.  These  include  TGFp  1, 2,  and  3;  activin,  inhibin,  and  BMP4.  In  general,  the  role  of  this  system 
is  to  exert  an  inhibitory  effect  on  both  growth  and  differentiation,  provide  a  balance  to  other  growth 
and/or  differentiation  stimulating  systems  as  described  above.  Experiments  have  shown  that 
overexpression  of  TGFp  transgenes  during  puberty  reduces  the  rate  of  growth  of  the  ductal  tree  and 
simplifies  the  pattern  of  arborization,  while  expression  during  pregnancy  also  interferes  with  lactation. 
It  is  recently  shown  that  TGFp-3  is  critical  for  inducing  apoptosis  in  the  onset  of  involution  (Nguyen 
and  Pollard,  2000).  Expression  studies  in  the  normal  mouse  gland  indicate  that  TGFp  is  synthesized  in 
the  mammary  epithelium,  with  the  three  isoforms  showing  somewhat  different  spatial  and  temporal 
distributions.  Exogenous  TGFP  applied  directly  to  the  gland  in  situ  inhibits  epithelial  cell  division 
within  hours,  and  strongly  stimulates  extracellular  matrix  synthesis  over  a  longer  time  course.  The 
down  stream  signaling  pathway  of  the  TGFp  system  functions  in  mammary  gland,  but  is  not  yet  well 
documented.  So  far,  there  is  no  report  on  Smad  expression  in  the  mammary  glands,  and  the 
significance  of  the  cross-talk  between  TGFp  receptor — Smad  and  Ras — MAPK  pathway  in  also 
largely  unknown. 

Akt,  also  known  as  PKB  (protein  kinase  B),  is  a  key  figure  in  cell  survival.  In  addition  to  Akt, 
two  other  members  of  the  Akt  family,  Akt2  and  Akt3.have  also  been  identified.  The  three  members  of 
this  family  are  all  serine/threonine  protein  kinases  that  share  similar  structural  features  including  a 
pleckstrin  homology  (PH)  domain  and  two  threonine  and  serine  phosphorylation  sites  (Marte  and 
Downward,  1997).  The  activation  of  Akt  is  PI-3  kinase  dependent.  Activated  Akt  inhibits  cell 
apoptosis  by  phosphorylation  and  inactivation  of  fork-head  transcription  factor  (FKHR)  (Brunet  et  al., 
1999;  Tang  et  al.,  1999).  The  function  of  Akt  in  mammary  gland  development  seems  to  be  that  of 
supportive  for  the  cell  survival.  Akt  expression  is  elevated  in  late  pregnancy  and  lactation  (Chodosh  et 
al.,  2000),  a  period  when  there  is  almost  no  mammary  epithelial  cell  apoptosis.  In  early  involution, 
when  massive  mammary  epithelial  cell  apoptosis  occurs,  the  expression  of  Akt  decreases  (Chodosh  et 
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al.,  2000;  Schwertfeger  et  al.,  2001).  In  transgenic  mammary  overexpressing  Akt  driven  by  an  MMTV 
promoter,  the  involution  process  slowed  down  and  apoptosis  was  markedly  reduced  at  the  initial  stage 
(Schwertfeger  et  al.,  2001). 

A  recent  report  of  transgenic  mice  study  revealed  the  involvement  of  Akt  in  the  mammary 
gland  tumorigenesis.  Mammary  epithelium-specific  expression  of  polyoma  virus  middle  T  antigen 
resulted  in  a  rapid  development  of  multifocal  metastatic  mammary  tumors,  whereas  transgenic  mice 
expressing  a  mutant  middle  T  antigen  decoupled  from  the  PI-3  kinase  develop  extensive  hyperplasias 
that  are  highly  apoptotic.  Expression  of  constitutive  active  Akt  interferes  with  normal  mammary  gland 
involution,  but  tumors  were  not  developed  However,  coexpression  of  constitutive  active  Akt  with 
mutant  middle  T  antigen  resulted  in  a  dramatic  acceleration  of  mammary  tumorigenesis  correlated  with 
reduced  apoptotic  cell  death.  Moreover,  coexpression  of  active  Akt  with  mutant  middle  T  resulted  in 
phosphorylation  of  FKHR  and  translational  upregulation  of  cyclin  D1  levels.  These  observations 
indicate  that  activation  of  Akt  can  contribute  to  tumor  progression  by  providing  an  important  cell 
survival  signal  (Hutchinson  et  al.,  2001). 

Cyclin  dependent  kinases  (CDK)  are  a  family  of  serine/threonine  kinases  that  play  important 
roles  in  controlling  cell  cycle  progression.  There  are  at  least  nine  CDKs  (CDK1-9)  identified,  they 
associate  with  around  twenty  cylin  cofactors  (Cyclin  A  to  T)  in  different  combinations  to  regulate  the 
progression  of  cell  cycle  (Senderowicz,  2000).  Though  a  large  amount  of  data  has  accumulated  on 
CDK’s  relation  with  tumorigenesis,  little  is  known  about  their  role  in  normal  mammary  gland 
development.  Indeed,  some  cyclins,  such  as  cyclin  A  and  cyclin  D1  expression  in  mammary  glands 
were  found  to  be  developmentally  regulated,  i.e.,  they  have  an  highly  elevated  level  of  expression  in 
early  pregnancy,  corresponding  to  the  high  mitotic  rate  at  the  time.  Overexpression  of  cyclin  A  in  the 
mammary  glands  of  transgenic  mice  results  in  the  induction  of  nuclear  abnormalities  and  increased 
apoptosis  (Bortner  and  Rosenberg,  1995).  Deletion  of  cyclin  D1  caused  impairment  of  lobular  alveolar 
development  during  pregnancy  (Sicinski  et  al.,  1995;  Fantl  et  al.,  1995),  and  this  phenotype  can  be 
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rescued  by  getting  rid  of  the  cell  cycle  inhibitor  p27kipl  simultaneously  (Geng  et  al.,  2001).  Over 
expression  of  either  cyclin  D1  or  E  in  mice  mammary  gland  both  induced  hyperplasia  and  carcinomas 
(Wang  et  al,  1994;  Bortner  and  Rosenberg,  1997).  In  breast  cancer  patients,  it  is  reported  that  most  of 
the  cases  have  an  overexpression  of  cyclin  D1  (Barnes  and  Gillet,  1998).  Consequently,  knocking  out 
of  cyclin  D1  was  found  to  confer  the  mice  resistance  to  stimulation  of  HER2  and  Ras,  but  not  c-myc 
and  Wnt-1  (Yu  et  al.,  2001). 

P21 -activated  kinase  1  (Pakl)  is  an  intracellular  serine/threonine  kinase  that  works  downstream 
of  PI-3  kinase  and  Akt.  The  function  of  Pakl  is  primarily  linked  with  cell  skeleton  organization. 
Recent  studies  showed  that  breast  cancer  has  elevated  Pakl  expression  and  activity  level  that  has  a 
positive  correlation  with  the  advances  of  the  cancer  (Fig.  2)  (Vadlamudi  et  al.,  2000).  It  was 
demonstrated  that  in  cultured  breast  cancer  cells,  up-regulation  of  Pakl  activity  by  growth  factor 
potentates  cell  skeleton  reorganization  and  increased  cell  migration.  Overexpression  of  constitutively 
active  Pakl  promotes  the  anchorage  independent  growth  of  the  MCF-7  breast  cancer  cells.  In  addition, 
Pakl  mediated  the  effect  of  VEGF  in  promoting  angiogenesis,  which  is  also  critical  for  the  survival 
and  growth  of  cancer  cells  (Vadlamudi  et  al.,  2000). 

Hunk  (Hormone  upregulated  and  neu-associated  kinase)  is  a  recently  identified  serine/threonine 
kinase  in  the  mammary  gland.  During  postnatal  mammary  development,  Hunk  mRNA  expression  is 
restricted  to  a  subset  of  mammary  epithelial  cells  and  is  temporally  regulated  with  highest  levels  of 
expression  occurring  during  early  pregnancy.  In  addition,  treatment  of  mice  with  17  beta-estradiol  and 
progesterone  results  in  the  rapid  and  synergistic  upregulation  of  Hunk  expression  in  a  subset  of 
mammary  epithelial  cells,  suggesting  that  expression  of  this  kinase  is  regulated  by  ovarian  hormones. . 
Consistent  with  the  tightly  regulated  pattern  of  Hunk  expression  during  pregnancy,  mammary  glands 
from  transgenic  mice  which  overexpress  Hunk  in  the  mammary  epithelium  manifest  temporally 
distinct  defects  in  epithelial  proliferation  and  differentiation  during  pregnancy,  and  fail  to  undergo 
normal  lobuloalveolar  development.  It  seems  that  Hunk  may  contribute  to  changes  in  the  mammary 


16 


gland  that  occur  during  pregnancy  in  response  to  ovarian  hormones  (Gardner  et  al.,  2000a).  The  role  of 
Hunk  in  mammary  carcinogenesis  has  not  been  reported  yet. 

Pnck  (Pregnancy  upregulated  non-ubiquitous  CaM  kinase)  is  a  another  newly  identified 
serine/threonine  kinase  from  the  muime  mammary  gland.  Pnck  is  temporally  regulated  during  murine 
mammary  development  with  highest  levels  of  expression  observed  late  in  pregnancy,  concomitant  with 
decreased  cellular  proliferation  and  terminal  differentiation  of  the  mammary  epithelium.  Consistently, 
Pnck  is  up-regulated  in  confluent  mammary  epithelial  cells  and  is  down-regulated  as  serum-starved 
cells  are  stimulated  to  reenter  the  cell  cycle.  The  expression  of  Pnck  in  mammary  gland  is  epithelial 
cell  specific  and  heterogeneous.  Expression  of  Pnck  is  restricted  to  a  subset  of  human  breast  cancer 
cell  lines  as  well  as  the  epithelial  tumor  cell  lines  which  are  raised  from  transgenic  mice.  Moreover, 
Pnck  was  found  to  be  highly  overexpressed  in  a  subset  of  human  primary  breast  cancers  compared  with 
benign  mammary  tissue.  Gardner  et  al  suggest  that  Pnck  may  play  a  role  in  mammary  development, 
and  that  expression  of  this  kinase  may  be  restricted  to  a  mammary  epithelial  cell  type  that  is 
transformed  in  a  subset  of  human  breast  cancers  (Gardner  HP  et  al.,  2000b). 

CONCLUSIONS 

Normal  mammary  gland  development  is  regulated  by  a  very  fine  balance  between  cell 
proliferation,  cell  differentiation,  and  cell  death  in  the  stem  cell  population,  and  deregulation  of  this 
balance  leads  to  cancer  development.  When  deregulated,  cellular  pathways  that  promote  cell  growth 
and  survival  leads  to  the  subsequent  development  of  breast  cancer.  It  remains  to  be  fully  understood 
why  normal  mechanisms  and  signaling  pathways  become  deregulated  in  the  mammary  gland  and  how 
many  of  these  pathways  are  required  for  development  of  breast  cancer.  Accumulating  data  support  an 
important  role  of  HER  family  members  in  epithelial  cell  signaling  and  functions,  including 
mitogenesis,  motility  and  invasion,  angiogenesis  in  normal  mammary  gland  development.  Similarly,  a 
wealth  of  information  is  now  available  about  the  involvement  of  cytoplasmic  kinases  that  also 
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transduce  signals  from  receptor-tyrosine  kinases  to  the  nucleus,  in  the  development  and  maintenance  of 
malignant  phenotypes  in  breast  cancer.  It  is  increasingly  accepted  that  deregulation  of  receptor¬ 
generated  signals  involving  phosphorylation-triggered  cascades  may  promote  non-attenuation  of  target 
genes  in  the  nucleus,  and  thus,  contribute  to  the  mammary  gland  tumorigenesis.  However,  very  little  is 
known  about  the  nature  of  physiological  substrates  of  these  kinases,  and  how  exactly  these  activated 
substrates  participates  in  the  regulation  of  cellular  processes  in  mammary  gland.  An  important  area  that 
needs  extensive  study  is  the  potential  mechanistic  roles  of  protein  kinases  and  their  substrates  during 
the  process  of  carcinogenesis  in  mammary  gland.  In  addition,  we  do  not  know  why  at  certain  stages  of 
development,  mammary  gland  acquire  an  enhanced  susceptibility  to  carcinogenesis.  It  is  expected  that 
with  the  recent  technologic  advances  in  transgenic  and  knockout  methodology  and  ready  availability  of 
phospho-specific  antibodies  against  signaling  components,  we  should  be  able  to  gain  further  insights 
about  the  roles  of  protein  kinases  in  mammary  gland  development  and  cancer. 
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Fig  2.  Heterodimerization  among  HER  family  members  induced  by 
specific  ligands.  Star  stands  for  kinase.  Note  there  is  no  ligands  known  for 
HER2  yet,  and  HER3  is  impaired  in  terms  of  kinase  activity. 


Fig  2.  Pakl  expression  in  breast  cancer.  A.  Grade  II  breast  cancer 
a  relative  low  lower  level  of  Pakl  expression,  but  the  cells  in  the 
leading  edge  have  a  much  higher  expression.  B.  Gradelll  breast 
cancer  have  a  high  level  of  Pakl  expression. 
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Tablet 

List  of  Protein  Kinases  Expressed 

in  Mammary  Gland 

Receptor  Tyrosine 
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c-Fes 

Pakl 
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Table  2*  Ligands  of  HER  family  receptor  tyrosine  kinases 

Ligands 

EGFR  EGF,  TGFa,  AR,  BTC,  HB-EGF,  EPR 
HER2  ? 

HER3  HRG1,  HRG2 

HER4  BTC,  HB-EGF,  EPR,  HRG1  -4 
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Activation  of  the  heregulin/HER2  pathway  in  oestrogen  receptor  (ER)-positive  breast-cancer  cells  leads  to  suppression 
of  oestrogen-receptor  element  (ERE)-driven  transcription  and  disruption  of  oestradiol  responsiveness,  and  thus  con¬ 
tributes  to  progression  of  tumours  to  more  invasive  phenotypes.  Here  we  report  the  identification  of  metastatic-asso¬ 
ciated  protein  1  (MTA1),  a  component  of  histone  deacetytase  (HDAC)  and  nucleosome-remodelling  complexes,  as  a 
gene  product  induced  by  heregulin-pi  (HRG).  Stimulation  of  cells  with  HRG  is  accompanied  by  suppression  of  histone 
acetylation  and  enhancement  of  deacetylase  activity.  MTA1  is  also  a  potent  corepressor  of  ERE  transcription,  as  it 
blocks  the  ability  of  oestradiol  to  stimulate  ER-mediated  transcription.  The  histone-deacetylase  inhibitor  trichostatm  A 
blocks  MTAl-mediated  repression  of  ERE  transcription.  Furthermore,  MTA1  directly  interacts  with  histone  deacety- 
lase-1  and  -2  and  with  the  activation  domain  of  ER-a.  Overexpression  of  MTA1  in  breast-cancer  cells  is  accompanied 
by  enhancement  of  the  ability  of  cells  to  invade  and  to  grow  in  an  anchorage-independent  manner.  HRG  also  pro¬ 
motes  interaction  of  MTA1  with  endogenous  ER  and  association  of  MTA1  or  HDAC  with  ERE-responsive  target-gene 
promoters  In  vivo.  These  results  identify  ER-mediated  transcription  as  a  nuclear  target  of  MTA1  and  indicate  that 
HDAC  complexes  associated  with  the  MTA1  corepressor  may  mediate  ER  transcriptional  repression  by  HRG. 


Growth  of  human  breast  cells  is  closely  regulated  by  receptors 
of  both  steroid  and  peptide  hormones1.  Members  of  both 
receptor  classes  are  important  prognostic  factors  in  human 
breast  cancer  as  well  as  determinants  of  endocrine  therapy  in  breast 
cancer  patients.  After  the  initial  stages  of  breast-cancer  progression, 
tumours  frequently  acquire  resistance  to  -steroid  hormones  with 
concurrent  amplification  of  growth-factor  receptors;  this  alteration 
is  associated  with  a  poor  prognosis.  For  example,  overexpression  of 
c-erbB-2  (also  known  as  human  epidermal  growth-factor  receptor, 
HER2)  in  ER-positive  breast-cancer  cells  leads  to  reduced  sensitiv¬ 
ity  of  these  cells  to  oestrogen  both  in  vitro  and  in  vivo2-5.  In  addi¬ 
tion,  accumulating  evidence  indicates  that  the  progression  of 
breast-cancer  cells  to  a  more  invasive  phenotype  may  be  regulated 
not  only  by  HER2  overexpression  but  also  by  a  mesenchymal 
growth  factor,  HRG,  which  is  a  ligand  for  HER3  and  HER4  and 
which  transactivates  HER2  (ref.  6).  Recently,  we  and  others  have 
shown  that  HRG  activation  promotes  the  development  of  aggres¬ 
sive  phenotypes  in  breast-cancer  cells7"10. 

There  is  also  considerable  evidence  to  indicate  that  the  develop¬ 
ment  of  hormone  independence  in  breast  cancer  cells  may  be  influ¬ 
enced  by  crosstalk  between  steroid-hormone  and  HER2/HRG 
pathways.  For  example,  expression  of  the  HER2  pathway  in  MCF-7 
cells  results  in  downregulation  of  ER  expression  and  inactivation  of 
ERE-driven  reporter  transcription8*9.  The  finding  that  signalling  by 
HRG  promotes  ligand-independent  suppression  of  ER  transcrip¬ 
tion  also  supports  a  link  between  the  HER2  and  ER  receptor  path¬ 
ways6"9.  In  spite  of  these  findings,  the  molecular  basis  of  hormone 
independence  and  the  putative  function  of  these  histone  modifica¬ 
tions  remain  unexplored. 

The  eukaryotic  genome  is  compacted  with  histone  and  other 
proteins  to  form  chromatin,  which  consists  of  repeating  units  of 
nucleosomes11.  For  transcription  factors  to  access  DNA,  the  repres¬ 
sive  chromatin  structure  needs  to  be  remodelled.  Dynamic  alter¬ 
ations  in  chromatin  structure  can  facilitate  or  suppress  access  of 


transcription  factors  to  nucleosomal  DNA,  leading  to  transcrip¬ 
tional  regulation.  One  way  to  achieve  this  is  through  alterations  in 
the  acetylation  state  of  nucleosomal  histones11"13.  Acetylation  of 
core  histones  occurs  at  lysine  residues  on  their  amino -terminal 
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Figure  1  HRG  regulation  of  MTA1  expression,  a,  RT-PCR  analysis  of  MTA1  expres¬ 
sion.  b,  Northerrvblot  analysis  of  HRG  regulation  of  MTA1  expression  in  MCF-7  cells, 
c,  Westemblot  analysis  of  HRG  regulation  of  MTA1  or  MTA2  expression  in  MCF-7 
cells,  d,  RT-PCR  analysis  of  HRG  and  MTA1  expression  in  Harderian-gland  tumours 
from  HRG  transgenic  mice.  TGI,  TG2  and  TG3,  Harderian-gland  tumours  from  HRG 
transgenic  mice.  WT,  wildtype  mice,  e,  Regulation  of  MTA1  mRNA  by  HRG  in  MCF-7 
cells.  CHX,  cyclohexamide;  ActD,  actinomycin  D.  f,  Dose-dependent  upregulation  of 
MTA1  mRNA  in  MCF-7  cells  (lanes  1-3)  and  T47-D  cells  (lanes  4  and  5);  n  =  3. 
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Figure  2  HRG  regulation  of  HDAC  activity,  a,  Urea-polyacrylamide-gel  analysis  acetylated  H4.  c,  Regulation  of  TSA-sensitive  deacetylase  activity  by  HRG  in  MCF-7 

of  histone  H4  acetylation  in  TSA*treated  MCF-7  cells  in  the  presence  or  absence  of  cells.  TSA,  300  nM;  HRG,  1  nM;  n  =  4.  WB,  western  blot. 

HRG.  b,  Western-blot  analysis  of  histone  H4  acetylation  using  an  antibody  against 
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tails,  thus  neutralizing  the  positive  charge  of  the  histone  tails  and 
reducing  their  affinity  for  DNA.  Hyperacetylated  chromatin  is  gen¬ 
erally  associated  with  transcriptional  activation,  whereas 
hypoacetylated  chromatin  is  associated  with  transcriptional  repres¬ 
sion14.  The  acetylation  state  of  histones  is  regulated  by  a  dynamic 
interaction  of  two  groups  of  recently  identified  enzymes  —  histone 
acetyltransferases  (HATs)  and  HDACs.  HATs  and  HDACs  thus  con¬ 
stitute  important  links  between  chromatin  structure  and  transcrip¬ 
tion  outcome. 

Several  recent  studies  have  raised  the  possibility  of  a  close  con¬ 
nection  between  HDACs  and  cancer.  As  HDAC-mediated  deacety¬ 
lation  of  nucleosomal  histones  is  known  to  be  associated  with  tran¬ 
scriptional  repression  of  some  genes,  it  has  been  proposed  that 
deregulation  of  HDAC  recruitment  to  specific  promoters  is  a 
potential  mechanism  by  which  these  HDACs  contribute  to  tumori- 
genesis.  Several  recent  findings15"18,  which  have  revealed  the  identi¬ 
ty  of  a  polypeptide  (NuRD-70)  of  nucleosome  remodelling  and 
HDAC  complex  with  that  of  MTA1  have  indicated  a  possible  func¬ 
tion  of  HDACs  in  tumour  progression.  MTA1  also  physically  inter¬ 
acts  with  HDAC1  (ref.  19).  The  MTA1  gene  was  originally  identi¬ 
fied  by  differential  expression  in  rat  mammary  adenocarcinoma 
metastatic  cells,  and  has  since  been  shown  to  correlate  well  with  the 
metastatic  potential  of  several  human  cell  lines  and  tissues2^22. 

Although  MTA1  has  been  shown  to  be  a  part  of  the  HDAC  com¬ 
plex,  the  nature  of  its  target  or  targets  remains  unidentified.  As  one 
of  the  mechanisms  by  which  hormone  independence  by  HRG  is 
developed  includes  repression  of  the  ER  pathway,  and  as  MTA1  is  a 
component  of  the  HDAC  complex,  we  explored  the  hypothesis  that 
HRG  regulates  expression  of  MTA1,  which,  as  a  part  of  the  HDAC 
complex,  may  antagonize  the  activation  of  the  ER  pathway  by  oestra- 
diol.  Here  we  provide  new  evidence  that  MTA1  is  a  target  of  HRG 
and  represses  ER-mediated  transcription  by  recruiting  HDACs. 


Figure  3  MTA1  represses  ERE-mediated  transcription,  a,  Repression  of  17p- 
oestradiol  (109  Mknediated  stimulation  of  ERE-luciferase  activity  in  MCF-7  cells  by 
heregulin  gene  (pHRGpi)  and  point-mutated  HER2  (pHER2NT).  Shown  above  is  a 
schematic  representation  of  the  ERE-Luc  construct,  b,  MCF-7  cells  were  transfect¬ 
ed  with  ERE-Luc  in  the  presence  or  absence  of  MTA1.  Where  indicated,  cultures 
were  treated  with  TSA  {300  nM};  n  »  3. 
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Results 

HRG  stimulation  of  MTA1  expression  in  breast-cancer  cells. 
Because  deregulation  of  the  HRG  pathway  into  ER-positive  breast- 
cancer  cells  leads  to  suppression  of  ER-driven  transcription9,  and 
because  MTA1  is  a  component  of  the  HDAC  complex15"18,  we  ini¬ 
tially  investigated  whether  HRG  could  upregulate  the  expression  of 
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Figure  4  MTA1  regulation  of  the  function  of  the  ER  AF2  domain,  a,  MCF-7 
cells  were  cotransfected  with  Gal4-AF2  and  Ga!4-Luc  (each  containing  five  copies 
of  the  Gal4-binding  domain)  with  or  without  MTAl .  BRCA1  was  used  as  a  positive 


Gal4  + 

Ga!4-MTA1 


control  to  show  its  suppression,  b,  E2-dependent  direct  interactions  between 
Gal4-MTA1  and  ERE3-Gal4-Luc  (n  =  4).  Schematic  representations  of  the  con¬ 
structs  used  are  shown  at  the  top. 


MTA1.  Using  a  pair  of  specific  MTA1  primers20,  analysis  of  RNAs 
from  breast  cancer  MCF-7  cells  by  polymerase  chain  reaction  with 
reverse  transcription  (RT-PCR)  revealed  time-dependent  stimula¬ 
tion  of  MTA1  messenger  RNA  by  HRG  (Fig.la).  We  confirmed  the 
identity  of  the  amplified  MTA1  band  by  sequencing  and  Southern 
blotting  (data  not  shown).  Using  a  291 -base-pair  PCR  probe  for 
MTA1,  northern  blotting  showed  a  significant  increase  in  steady- 
state  levels  of  2.9-kilobase  (kb)  mRNA  for  MTA1  in  a  time-depend¬ 
ent  manner  (Fig.  lb).  Western  blotting  with  an  anti-MTAl  anti¬ 
body23  also  showed  that  the  level  of  MTA1  of  relative  molecular 
mass  80,000  (Mr  80K)  was  significantly  increased  in  HRG-treated 
MCF-7  cells  (Fig.  lc).  HRG  had  no  effect  on  expression  of  MTA2 
protein.  As  treatment  with  HRG  for  12  h  had  no  effect  on  the  lev¬ 
els  of  thymidine  incorporation  into  DNA,  or  on  the  cell-cycle  dis¬ 
tribution  of  this  incorporation  (data  not  shown),  the  observed 
effect  of  HRG  on  MTA1  expression  may  not  be  reflective  of  the 
proliferative  status  of  the  cell.  To  evaluate  HRG  modulation  of 
MTAl  in  vivo ,  we  used  a  mouse  mammary  tumour  virus  (MMTV)- 
promoter-driven  HRG-transgenic  mouse  line,  which  develops 
mammary  adenocarcinomas  and  Harderian-gland  tumours24.  As 
Harderian-gland  tumours  are  usually  detected  by  3  weeks  of  age,  as 
opposed  to  12-16  months  for  mammary- gland  tumours,  we  used 
the  presence  of  Harderain-gland  tumours  to  establish  the  proof-of- 
principle  of  our  hypothesis  in  vivo.  Expression  of  HRG  transgene 
in  Harderian-gland  tumours  in  a  MMTV/HRG  transgenic  mouse 
model24  was  accompanied  by  increased  expression  of  MTAl  (Fig. 
Id).  Treatment  of  cultures  with  actinomycin  D,  an  inhibitor  of 
transcription,  completely  inhibited  HRG-mediated  induction  of 
MTAl  mRNA  (Fig.  le).  Treatment  of  cells  with  cycloheximide  sta¬ 
bilized  the  levels  of  MTAl  mRNA  expression;  treatment  with  HRG, 
however,  superinduced  the  expression  of  MTAl  mRNA.  Induction 
of  MTAl  expression  by  HRG  was  also  dose-dependent  (Fig.  If).  To 
confirm  that  MTAl  is  expressed  in  mammary  epithelium  cancer 
cells,  we  also  cloned  the  full-length  MTAl  complementary  DNA 
from  the  human  mammary  gland  cDNA  library  (data  not  shown). 
Suppression  of  histone  acetylation  in  HRG-treated  cells.  As  MTAl, 
a  component  of  the  NuRD  complex,  was  induced  by  HRG,  we  next 
examined  the  influence  of  HRG  on  the  status  of  histone  acetyla¬ 
tion.  We  treated  MCF-7  cells  for  16  or  24  h  with  or  without  HRG  in 
the  presence  or  absence  of  trichostatin-A  (TSA),  a  specific  HDAC 
inhibitor,  and  evaluated  the  status  of  histone  acetylation  using 
acetic  acid-urea-acrylamide  gels.  Addition  of  TSA  to  control  cells 
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Figure  5  Direct  association  of  MTAl  with  HDACs  and  ER.  a,  MTAl  interacts 
with  HDAC  complexes  in  vivo.  MCF-7  cells  were  transiently  transfected  with 
T7-MTA1  or  control  vector.  Immunoprecipitation  (IP)  was  carried  out  using  anti-T7 
monoclonal  antibody;  western  blotting  was  carried  out  with  the  indicated  antibod¬ 
ies.  b,  c,  T7-MTA1  associates  with  HDAC2  in  the  stable  cell  lines.  Cell  extracts 
were  immunoprecipitated  with  arrti-T7  antibody,  and  the  same  blot  was  immunoblot- 
ted  with  anfrHDAC2  and  anti-T7  antibodies  (b).  In  a  reverse  experiment,  extracts 
were  immunoprecipitated  with  anti-HDAC2  antibody  and  immunoblotted  with  anti-T7 
and  anti-HD  AC  2  antibodies  (c).  d,  MTAl  directly  interacts  with  HDAC.  GST  pull-down 
assay,  showing  the  association  of  HDAC  with  in  v/tro-translated  MTAl.  e,  GST  pull¬ 
down  assay,  demonstrating  a  direct  interaction  between  MTAl  and  the  ligand-bind¬ 
ing  domian  (AF2)  of  ER  (n  =  4}. 


was  accompanied  by  an  expected  increase  in  the  acetylation  of  his¬ 
tone  4  (H4,  Fig.  2a).  However,  HRG  treatment  for  longer  than  16  h 
suppressed  the  levels  of  H4  acetylation,  particularly  on  bands  4  and  3 
(Fig.  2a).  Similar  results  were  obtained  for  cell  lysates  from  the  above 
experiment  when  immunoblotted  with  an  anti-H4  antibody  (Fig. 
2b).  However,  this  antibody  predominantly  recognized  acetylated 
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Figure  6  Characterization  of  MCF-7  cells  overexpressing  MTA1.  a,  Western- 
blot  analysis  of  control  and  T7-MTAl-expressing  clones,  using  anti-T7  monoclonal 
antibody.  The  blot  was  reprobed  with  anth/inculin  antibody  as  a  loading  control,  b, 
Invasiveness  of  MCF-7  cells  expressing  T7-MTA1  (clone  15)  or  control  vector 
pcDNA.  As  a  positive  reference  control  for  comparison,  MCF-7  cells  were  treated 
with  HRG  and  another  group  was  left  untreated,  c,  Effect  of  T7-MTA1  expression 


on  the  growth  rate  of  cells,  as  shown  by  MTT  assay,  d,  Effect  of  T7-MTA1  expres¬ 
sion  on  anchorage-independent  growth  of  MCF-7  cells.  As  a  positive  control,  MCF-7 
cells  were  treated  with  HRG  and  another  group  was  left  untreated,  e, 
Representative  photographs  of  soft-agar  colonies  of  the  indicated  strains,  f, 
Expression  of  ER  protein  and  pS2,  c-Myc  and  GAPDH  mRNAs  in  MCF-7  cells 
expressing  vector  or  T7-MTA1  (n  -  3).  WB,  western  blot. 


H4  bands  4, 3  and  2  (In  decreasing  order).  This  was  a  specific  effect 
of  HRG,  as  another  growth  factor,  TGF-ot,  produced  no  such 
inhibitory  effect  (Fig.  2b).  HRG  treatment  of  MCF-7  cells  was  also 
accompanied  by  an  enhancement  of  TSA-sensitive  HDAC  activity 
without  any  effect  on  expression  of  HDAC2  protein  (Fig.  2c).  These 
findings  indicate  that  HRG  may  interfere  with  the  acetylation  of 
H4,  presumably  through  stimulation  of  MTA1  expression. 
Repression  of  ERE-mediated  transcription  by  MTA1.  Because 
MTA1  has  been  shown  to  be  a  component  of  the  NuRD  complex 
and  to  have  HDAC  activity15-18,  and  because  HRG  induces  MTA1 
expression  as  well  as  histone  deacetylation,  we  hypothesized  that 
MTA1,  in  conjunction  with  HDAC  complexes,  may  repress  ERE 
transcription  and  may  thus  provide  a  molecular  explanation  for  the 
reported  suppression  of  the  ER  pathway  by  HRG7,8.  As  shown  in 
Fig.  3a,  co-transfection  of  ERE-luciferase  with  either  HRG  or  acti¬ 
vated  (point-mutated)  HER2,  but  not  with  control  vector,  was 
accompanied  by  significant  suppression  of  ERE-reporter  tran¬ 
scription,  indicating  the  possible  existence  of  crosstalk  between  the 
HER2/HRG  and  ER  pathways. 

To  investigate  whether  HRG-inducible  MTA1  serves  as  specific 
corepressor  of  ERE  transcription,  we  repeated  the  above  experi¬ 
ment  with  MTA1  expression  vector.  Transient  expression  of 
MTA1  effectively  blocked  the  ability  of  oestradiol  to  stimulate 
ERE  transcription  (Fig.  3b).  The  inhibitory  effect  of  MTA1  on 
ERE  transcription  was  antagonized  by  TSA,  a  specific  inhibitor  of 
HDAC  enzyme,  indicating  that  MTA1  potentially  recruits  HDAC 
to  repress  ERE-mediated  transcription. 

We  next  examined  the  recruitment  of  MTA1  complex(es)  to  ER 
elements,  using  a  Gal4~ER/Gal4~Luc  assay  system25’26.  This  system 
involves  transient  transfection  of  two  plasmids,  Gal4—AF2  (the  lig¬ 
and-binding  domain  of  ER-a)  and  Gal4-Tuciferase  reporter; 
luciferase  activation  depends  on  E2  stimulation  of  the  AF2  domain. 
As  shown  in  Fig.  4a,  E2 -mediated  activation  of  the  AF2  domain 
could  also  be  repressed  by  MTA1  expression,  and  this  repression 
was  relieved  by  TSA.  These  observations  indicate  that  the  observed 
MTA1  regulation  of  AF2  function  may  be  independent  of  the 
DNA-binding  activity  of  ER  and  that  this  may  involve  HDACs. 
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Many  repressors  have  been  shown  to  repress  transcription  of  spe¬ 
cific  promoters  when  recruited  by  heterologous  DNA-binding 
domain15-16.  To  confirm  further  the  function  of  MTA1  in  ERE  tran¬ 
scription,  we  constructed  a  reporter  gene  containing  five  Gal4  sites 
placed  in  front  of  three  ERE  sites,  and  used  the  GAL4  DNA-bind¬ 
ing  domain  fused  MTA1  to  recruit  MTA1  to  the  ERE  promoter. 
Expression  of  Gal4-MTA1  repressed  the  E2-mediated  activity  of 
ERE  by  up  to  80%  (Fig.  4b).  The  repressing  effect  of  MTA1  on  the 
ERE-mediated  transcription  was  not  restricted  to  the  ER,  as  MTA1 
also  effectively  blocked  the  activation  of  GRE-mediated  transcrip¬ 
tion  by  progestin  and  dexamethasone  in  a  TSA-sensitive  manner 
(see  Supplementary  Information).  Overall,  these  results  establish  a 
new  function  of  MTA1  in  repression  of  the  ERE-  and  GRE-mediat¬ 
ed  transcription. 

Association  of  MTA1  with  HDAC  and  ER.  To  determine  whether 
the  observed  repression  of  ERE  transcription  by  MTA1  was  associ¬ 
ated  with  recruitment  of  HDAC  complexes  in  vivo,  we  next  exam¬ 
ined  the  association  between  T7-tagged  MTA1  and  the  components 
of  HDACs  by  co-immunoprecipitation  and  western  blotting  (Fig. 
5a).  Transient  expression  of  T7-tagged  MTA1,  but  not  of  control  T7 
vector,  in  MCF-7  cells  was  accompanied  by  interactions  with 
HDAC1,  HDAC2  and  chromodomain  protein  4  (CHD4).  Similar 
results  were  also  obtained  when  extracts  from  the  stable  cell  lines 
were  analysed.  As  shown  in  Fig,  5b,  immunoprecipitation  of  the 
extracts  from  stable  cell  lines  with  anti-T7  antibody  (Fig.  5b)  or 
anti-HDAC2  antibody  (Fig.  5c)  further  confirmed  the  existence  of 
a  physical  association  between  HDAC2  and  T7-MTA1. 

To  investigate  whether  the  observed  association  between  MTA1 
and  HDAC1  or  HDAC2  was  direct  or  was  mediated  through  other 
proteins,  we  examined  the  binding  ability  of  in  vifro-translated 
MTA1  protein  with  glutathione-S-transferase  (GST)-tagged 
HDAC1  and  HDAC2.  MTA1  interacted  with  GST-HDAC1  and 
GST-HDAC2,  but  not  with  GST  alone,  in  GST  pull-down  assays 
(Fig.  5d).  A  physical  interaction  has  also  been  reported  between 
MTA1  and  HDACl  (ref.  19). 

As  MTA1  repressed  ERE-mediated  transcription  by  recruiting 
HDAC,  we  hypothesized  that  MTA1  physically  interacts  with  ER  to 
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Figure  7  HRG  promotes  interaction  of  MTA1  with  the  endogenous  ER  path¬ 
way.  a,  T7-MTA1  and  ER-a  partially  co-localize  in  the  nuclei  of  MCF-7  cells  express¬ 
ing  T7-MTA1 .  Confocal  images  of  single  optical  sections  are  shown.  Double 
labelling  was  carried  out  with  a  rabbit  antibody  against  human  ER-<x  (green)  and  a 
mouse  monoclonal  antibody  against  T7  to  visualize  MTA-1  (red).  HRG  treatment 
induced  colocalization  of  ER  with  T7-MTA1  in  large  nuclear  domains,  as  shown  by 
the  presence  of  yellow  colour  in  the  merged  images,  b,  Analysis  of  MTA1-HDAC2 


association  on  ERE-responsive  promoters  by  chromatin-immunoprecipitation  assay. 
MCF-7  cells  were  treated  with  or  without  HRG  (30  ng  mhJ  for  16  h),  and  chromatin 
lysates  were  immunoprecipitated  (IP)  with  anti-T7  or  anti-HDAC2  antibodies;  sam¬ 
ples  were  processed  as  described  in  Methods.  Upper  panels  of  the  blots  show  PCR 
analysis  of  pS2  (304  bp)  and  c-Myc  (257  bp)  promoter  fragments  associated  with 
T7-MTA1  or  HD  AC  2  (schematic  representations  are  shown  to  the  left  of  blots); 
lower  panels  show  PCR  analysis  of  the  DNA  input. 


influence  its  function.  To  explore  this  possibility,  we  examined  the 
binding  ability  of  in  vitro- translated  MTA1  with  GST- tagged  AF1 
and  AF2  domains  of  ER  in  GST  pull-down  assays.  MTA1  protein 
effectively  interacted  with  GST-AF2  (the  ligand-binding  domain  of 
ER),  but  not  with  GST  alone  or  with  GST-AF1  (Fig.  5e).  These 
results  support  the  hypothesis  that  MTA1  acts  as  a  transcription 
repressor  by  recruiting  the  HDAC  complex. 

Effect  of  MTA1  on  the  biology  of  breast-cancer  cells.  To  delineate 
further  the  potential  contribution  of  MTA1  in  breast-cancer  cells, 
we  established  stable  MCF-7  clones  expressing  T7-tagged  MTA1  or 
control  vector  (Fig.  6a).  For  subsequent  studies,  we  used  MCF-7 
done  15  expressing  T7-MTA1,  and  control-vector-transfected 
MCF-7  cells  (clone  V2).  We  analysed  the  influence  of  MTA1  expres¬ 
sion  on  the  invasion  of  MCF-7  cells  using  a  Boyden  chamber. 
Vector-transfected  cells  showed  low  invasiveness  (Fig.  6b),  whereas 
expression  of  MTA1  resulted  in  a  significant  increase  in  cell  inva- 
siveness  (Fig.  6b).  As  a  positive  reference  control,  we  treated  MCF- 
7  cells  with  HRG,  a  known  inducer  of  invasiveness  in  these  cells10, 
and  left  another  group  untreated.  To  examine  the  potential  influ¬ 
ence  of  MTA1  expression  on  the  growth  characteristics  of  breast 
epithelial  cancer  cells,  we  measured  the  growth  rate  and  ability  of 
cells  to  grow  in  an  anchorage-independent  manner.  Expression  of 
MTA1  had  little  or  no  significant  effect  on  the  growth  rate  of  MCF- 
7  cells  on  plastic  (Fig.  6c).  However,  MTA1  expression  significantly 
enhanced  the  ability  of  MCF-7  cells  to  form  colonies  on  soft  agar 
(Fig.  6d).  As  a  positive  control,  we  treated  MCF-7  cells  with  HRG 
and  left  another  group  untreated.  Overexpression  of  MTA1  was 
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accompanied  by  a  significant,  reprodudble  enhancement  of  the 
ability  of  cells  to  form  larger  colonies  in  soft  agar,  as  compared  to 
those  formed  by  vector-transfected  control  cells  (Fig.  6e).  Although 
MTA1  expression  had  no  effect  on  the  level  of  ER,  MTA1 -overex¬ 
pressing  breast-cancer  cells  exhibited  a  reduction  in  the  levels  of  ER 
target  genes,  including  those  encoding  pS2  and  c-Myc  (Fig.  6f). 
Together,  these  observations  indicate  that  cells  expressing  MTA1 
may  affect  the  status  of  ER-responsive  genes  and  that  these  cells 
may  acquire  more  invasive  phenotypes. 

HRG  promotes  interaction  of  MTA1  with  endogenous  ER.  Having 
shown  that  MTA1  has  a  role  in  the  invasiveness  of  breast-cancer 
cells,  we  next  investigated  the  effect  of  HRG  on  the  potential  inter¬ 
action  between  MTA1  and  endogenous  ER  in  MCF-7  cells  express¬ 
ing  T7-tagged  MTA1  or  control  vector.  We  fixed  cells  treated  with 
or  without  HRG,  co-stained  them  with  antibodies  against  ER  or 
T7-tag,  and  quantified  the  resulting  immunofluorescence  by  laser¬ 
scanning  confocal  microscopy.  MTA1  was  abundantly  present  in 
the  nuclei  of  T7-MTA1 -expressing  cells,  exhibiting  a  fine  granular 
pattern  in  untreated  control  cells  (Fig.  7a,  upper-left  panel;  see  also 
Fig.  7a,  T7).  In  contrast,  T7-MTA1  was  expressed  in  larger  nuclear 
domains  in  HRG-treated  clones  (Fig.  7a,  lower-left  panel).  No  pos¬ 
itive  staining  was  detected  in  cell  transfected  with  empty  vector 
(Fig.  7a,  right  panels).  Interestingly,  within  the  larger  nuclear 
domains,  MTAI  partially  colocalized  with  ER-a  only  upon  HRG 
treatment  (represented  by  yellow  staining).  Very  fine  serial  confocal 
sectioning  revealed  that  ER  staining  was  dispersed  as  several  small¬ 
er  nuclear  dots  decorating  the  surface  of  the  larger  anti-MTAl- 
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Figure  8  MTA1  expression  during  embryogenesis  and  mammary-gland 
development,  a,  MTA1  expression  in  an  El 8  embryo.  MTA1  expression  was 
detected  by  a  specific  anti-sense  MTAl  riboprobe  (E18/AS).  Sense-probe  hybridiza¬ 
tion  was  used  to  show  the  background  staining  {El 8/S).  Br,  brain;  Lu,  lung;  Ty,  thy¬ 
mus;  Lv,  liver.  Lower  panels  are  enlargements  of  the  boxed  areas  in  the  upper  pan¬ 
els.  b,  Northern-blot  analysis  of  MTA1  expression  in  the  indicated  mouse  tissues,  c, 


reactive  nuclear  domains.  As  shown  in  Fig.  7a,  overexpression  of 
T7-MTA1  was  not  sufficient  to  induce  a  significant  increase  in  the 
interaction  between  T7—MTA1  and  ER,  whereas  HRG  treatment 
could  rapidly  trigger  this  process.  These  observations  raise  the  pos¬ 
sibility  that  the  observed  MTA1-ER  interaction  may  be  an  indirect 
effect  of  HRG,  and  may  potentially  involve  an  unidentified  compo¬ 
nent  or  components  of  HRG  pathways  that  lead  to  MTA1. 

HRG  treatment  induces  MTA1-HDAC  association  on  ERE- 
responsive  promoters  in  vivo.  To  assess  directly  the  potential  sig¬ 
nificance  of  the  physical  interaction  between  MTA1  and  ER  in 
HRG -activated  cells,  we  investigated  whether  MTA1  and  HDAC 
associate  on  the  chromatin  of  endogenous  RE-containing  promot¬ 
ers,  using  a  chromatin-immunoprecipitation  (ChIP)  assay.  We 
treated  MCF-7  cells  expressing  T7-tagged  MTA1  with  HRG  and  left 
another  group  untreated,  and  processed  them  with  formaldehyde 
and  sonicated  chromatin  for  immunoprecipitation  with  specific 
antibodies  against  T7  or  HDAC2.  We  analysed  genomic  DNA  frag¬ 
ments  bound  to  T7-MTA1  or  to  HDAC2  by  quantitative  PCR  using 
primers  spanning  ERE  elements  present  in  the  promoters  of  the 
genes  encoding  pS2  (ref.  27)  and  c-Myc  (ref.  28),  to  assay  for  poten¬ 
tial  HRG-triggered  association  of  T7-MTA1  or  HDAC2  with  the 
promoters  of  two  ERE  target  genes.  HRG  treatment  triggered  sig¬ 
nificant  increases  in  the  amount  of  chromatin  from  the  promoters 
of  both  the  pS2  and  c-Myc  genes  (5.8-  and  4.1-fold,  respectively, 
relative  to  untreated  cells)  that  was  associated  with  T7-MTA1  (Fig. 
7b).  Alterations  in  the  amount  of  HRG-responsive  increase  of  pS2- 
promoter  DNA  with  HDAC2  were  also  significant,  but  less  pro¬ 
found  (1.8-fold  increase  relative  to  untreated  cells,  Fig.  7b).  We 
repeated  these  experiments  three  times  with  similar  results,  and 
have  thus  demonstrated  the  potential  complexity  of  regulation  of 
promoter  chromatin  by  multi-protein  complexes.  As  the  association 
of  MTA1  with  the  ERE-responsive  promoters  of  ER  target  genes  was 
dependent  on  HRG  treatment,  the  observed  effects  may  involve 
HRG-triggered  cellular  events,  and  hence  may  be  indirect.  Together, 
these  findings  strongly  support  the  idea  that  MTA1  interacts  with 
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In  situ  hybridization  analysis  of  MTAl  expression.  V,  virgin  mammary  gland  at  day 
21;  P,  pregnant  mammary  gland  at  day  15;  L,  lactating  mammary  gland  at  day  12; 
L/S,  control  in  situ  hybridization,  using  the  sense  MTA1  probe,  in  lactating  mamma¬ 
ry  gland.  dr  Northern-blot  analysis  of  expression  of  MTA1  and  ER  in  the  samples 
described  in  c  (n  =  2). 


endogenous  ER  and  that  both  MTA1  and  HDAC2  associate  with 
ERE-containing  promoters  in  HRG-treated  cells. 

Expression  of  MTAl  during  embryogenesis  and  mammary-gland 
development.  During  embryonic  development,  HDAC  may  work 
constantly  to  control  the  on/off  function  of  the  genes  that  regulate  cell 
proliferation  and  differentiation.  However,  little  is  known  of  the 
expression  profile  of  HDAC  components.  We  investigated  MTAl 
expression  in  mouse  embryonic  development  by  in  situ  hybridization. 
As  shown  in  Fig  8a,  MTAl  mRNA  was  expressed  in  most  tissues,  with 
highest  levels  present  in  rapidly  proliferating  tissues  such  as  liver,  lung 
and  thymus.  MTAl  mRNA  signals  in  the  vertebral  column,  heart  and 
intestinal  tract  were  significantly  weaker.  At  high  magnification, 
MTAl  signals  were  detected  in  the  cytoplasm  of  neuronal  cells  in  the 
cervical  neuronal  arch  (Fig.  8a,  lower  panels).  In  accordance  with  the 
results  of  in  situ  hybridization,  high  levels  of  MTAl  mRNA  expression 
were  detected  in  the  brain,  lung  and  testis;  high  levels  of  MTAl  mRNA 
expression  were  also  detected  in  the  mammary  gland  by  northern 
blotting  of  RNAs  from  several  organs  from  female  mice  (Fig.  8b). 

In  sim-hybridization  analysis  of  mouse  mammary  gland  showed 
that  MTAl  mRNA  was  present  in  the  cytoplasm  of  virgin  ducts,  in 
the  growing-end  buds  of  the  pregnant  mammary  gland,  and  in  lac¬ 
tating  alveoli  (Fig.  8c).  The  signal  was  much  stronger  in  the  lactat¬ 
ing  alveoli  and  the  virgin  mammary  gland  than  in  the  pregnant  and 
the  involuting  mammary  gland.  Signals  from  the  pregnant  mam¬ 
mary  gland  were  relatively  weaker.  Low  levels  of  MTAl  expression 
were  detected  in  the  virgin  fat-pad  tissues. 

As  MTAl  regulates  the  function  of  ER  in  breast-cancer  cells,  we 
next  examined  the  expression  pattern  of  MTAl  during  mammary- 
gland  development,  and  the  relationship  between  MTAl  expression 
and  ER  expression.  The  northern-blot  analysis  showed  that  MTAl 
was  expressed  during  all  stages  of  mammary-gland  development 
(Fig.  8d).  The  highest  levels  of  MTAl  expression  were  observed 
during  lactation,  when  ER  levels  were  lower.  These  results  indicate 
that  MTAl  may  regulate  the  expression  of  one  or  more  ER  target 
genes,  and  could  influence  ER  function. 
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Discussion 

We  have  shown  that  MTA1  is  a  target  of  HRG  in  breast-cancer 
cells  and  that  MTA1  represses  ER-mediated  transcription  by 
recruiting  HDACs.  Recruitment  of  HDAC  to  promoters  has 
emerged  as  a  general  mechanism  of  transciption  repression  of 
target  genes.  For  example,  recruitment  of  HDAC  complex  to  tar¬ 
get  genes  of  the  retinoic-acid  receptor  represses  transcription 
and  prevents  differentiation,  and  treatment  with  retionic  acid 
induces  differentiation  by  displacing  HDAC  complex  from 
PML-RAR-a  (refs  29,  30).  Similarly,  transcription-repressor 
complexes  containing  HDAC  have  been  discovered  in  the 
RB/E2F31  and  Myc/Mad  (reviewed  in  ref.  32)  pathways. 
Recruitment  of  HDACs  to  specific  promoters  may  be  mediated 
either  through  direct  interactions  with  regulatory  proteins  such 
as  transcription  factor  YY1  (ref.  33),  or  through  interaction  with 
corepressors  containing  an  HDAC-interacting  domain,  such  as 
Sin3A.  Nuclear  hormone  receptors  have  been  shown  to  bind  to 
the  corepressor  N-CoR,  which  directly  interacts  with  the 
Sin3A-HDAC  corepressor  complex16. 

Our  observation  that  MTA1  can  directly  interact  with  HDAC  1/2 
and  the  AF2  domain  of  ER  is  important  because  it  indicates  that  the 
reported  association  between  MTA1  and  HDACs  in  the  NuRD  com- 
plex15-18  may  reflect  direct  MTAl  interaction.  In  addition,  we  have 
identified  specific  nuclear  targets  and  a  corepressor  function  for 
MTAl,  as  it  effectively  suppressed  ligand-induced  activation  of  ER. 

Expression  of  MTAl  correlates  well  with  the  metastasis  poten¬ 
tial  of  several  human  cancer  cell  lines  and  tissues20^22.  However, 
direct  evidence  to  link  enhanced  MTAl  expression  with  metasta¬ 
sis  is  currently  lacking.  MTAl  has  been  found  to  contain  a  domain 
(known  as  the  WFY  domain)  that  is  similar  to  two  regions  of  N- 
CoR17.  The  WFY  domain  of  MTAl  is  less  likely  to  be  involved  in 
recruiting  HDACs  in  our  system,  because  we  detected  no  appre¬ 
ciable  interaction  between  MTAl  and  N-CoR  (data  not  shown). 
However,  specific  domains  of  MTAl  may  directly  associate  with 
both  HDAC2  and  AF-2  (Fig.  5c).  In  summary,  we  have  identified 
ER-mediated  transcription  as  a  nuclear  target  of  corepressor 
MTAl,  and  have  provided  new  evidence  to  support  the  idea  that 
HDAC  complexes  are  involved  in  MTAl -mediated  transcription¬ 
al  repression  of  oestrogen.  O 


Methods 

Cell  culture,  transfection,  cell  extracts  and  reagents. 

Brcast-cancer  MCF-7  cells10  were  maintained  in  DMEM-F12  (1:1  ratio)  supplemented  with  10%  FCS. 
Cell  lysates  were  prepared  as  described10  and  were  resolved  on  a  10%  SDS-polyacrylamide  gel,  trans¬ 
ferred  to  nitrocellulose,  and  probed  with  the  appropriate  antibodies.  Antibodies  against  HDAC  I  and 
HDAC2  were  from  Santa  Cruz;  anti-T7  antibody  was  from  Novagcn.  Transfection  was  carried  out 
vising  the  Fugene-6  kit  (Roche)  according  to  the  manufacturer’s  instructions. 

Northern  blotting  and  promoter-reporter  assays. 

Total  cytoplasmic  RNA  (20  Jig)  was  analyzed  by  northern  blotting10.  For  promoter  assays,  cells  were 
transiently  co-transfected  with  a  reporter  construct  and  §-galactosidase.  Cells  were  collected  with  pas¬ 
sive  lysis  buffer  or  were  processed  for  CAT  assay  (Promega). 

Construction  of  reporter  systems. 

3  x  ERE-TATA-luciferase  plasmid  was  from  D.  McDonnell  (Duke  Univ.,  Durham,  North  Carolina). 

5  x  GAU  plasmid  was  from  F.  Claret,  M.  D.  Anderson  Cancer  Center.  Full-length  MTAl  cDNA  was 
isolated  from  a  human  mammary  $and  cDNA  library  (Invitrogcn).  MTAl  cDNA  containing  the  entire 
reading  frame  of  MTAl  was  subdoned  into  pcDNA3.!-T7  vector  using  restriction  sites  EcoRI  and 
Xbal  to  generate  T7-t3gged  MTAl.  To  construct  5  x  Gal4~ER£-lutiferase  construct,  5  X  Gal4  rites  were 
isolated  by  PCR  using  Gal4  5  x  luciferase  as  a  backbone  (Sroal  and  Kptil  sites  were  added  to  primers) 
and  subdoned  into  S»rul  and  Kpnl  sites  of  3  x  ERE-TATA-ludferase  plasmid.  The  identities  of  con¬ 
structs  were  verified  by  sequenring. 

In  vitro  trah&cription  and  translation. 

in  vitro  transcription  and  translation  of  MTAl  proteins  was  carried  out  using  the  TNT 
transcription-translation  system  (Promega).  MTAl  cDNA  (1  Jig)  in  pcDNA  3.1  vector  was  in  vitro 
translated  in  the  presence  of  f*S]  methionine  in  a  reaction  volume  of  50  jil  using  the  T7-TNT  lot 
(Promega).  The  reaction  was  diluted  to  1  ml  with  NP40  lysis  buffer;  an  aliquot  (250  pi)  was  used  for 
each  GST  pull-down  assay.  Translation  was  verified  by  subjecting  2  pi  of  the  reaction  mixture  to 
SD5-PAGE  and  autoradigraphy. 
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Histone-urea  eels  and  deacetylase  assays. 

Histones  were  purified  and  resolved  onto  a  15%  urea  get  as  described*  HDAC  activity  was  measured 
by  scintillation  counting  of  [3H]acetic  add  released  from  JH-acctylated  histones  as  described17. 

GST  puH-down  assay. 

GST  pull-down  assays  were  carried  out  by  incubating  equal  amounts  of  GST,  GST-AFl,  GST-AF2, 

GST -HD  AC  1  or  GST-HDAC2  immobilized  on  glutathione-sepharose  beads  (Ameraham)  with  in 
vrfro-translated  “S-labdled  MTA  protein.  The  mixture  was  incubated  for  2  h  at  4  °C  and  washed  with 
NP40  lysis  buffer;  bound  proteins  were  ehited  with  2  x  SDS  buffer,  separated  by  SDS-PAGE  and  devel¬ 
oped  by  fluorography53. 

Production  of  stable  cell  lines  expressing  MTAl. 

MCF-7  cells  were  transfected  with  pcDNA3.1  or  pcDNA.T7-MTAl  using  the  caldum-phosphate 
method.  Forty-eight  hours  after  transfection,  cells  were  selected  in  media  containing  1  mg  mb'  G418. 
Several  individual  dones  were  isolated  and  expanded,  and  expression  of  exogenous  MTAl  was  verified 
by  immunoblotting  using  anti-T7  monoclonal  antibody. 

Cell-proliferation,  Invasion  and  soft-agar  assays. 

Cell-invasion  assays  were  carried  out  using  Boydcn  chambers  as  described56.  Cells  were  plated  on  the 
upper  well  of  a  Boyden  chamber  at  a  concentration  of  20,000  cells  per  well.  The  lower  side  of  the  sepa¬ 
rating  filter  was  coated  with  chemoattractant  (thick  layer  of  a  1:2  dilution  of  Matrigd  (Life 
Technologies))  in  serum-firee  medium.  The  number  of  cells  that  successfully  migrated  through  the  filter 
and  invaded  the  2 -mm  Matrigd  layer,  as  well  as  those  that  remained  on  the  upper  side  of  the  filter,  were 
counted  after  staining  with  propidium  iodide  (Sigma),  The  percentage  of  the  total  number  of  cells  that 
migrated  was  recorded;  data  are  means  ±  s.e.m.  from  triplicate  wells  in  three  separate  experiments. 

Cell-proliferation  assays  were  carried  out  using  the  3-(4,5-dimethyl-thiazol-2-yl)diphcnyftetraszolium 
bromide  (MTT)  dye  method  as  described*10.  Soft-agar  colony-growth  assays  were  carried  out  as 
described37.  Briefly,  1  ml  of  0.6%  D1FCO  agar  in  DM  EM  supplemented  with  10%  FBS  and  insulin  was 
layered  onto  60  x  15-mm  tissue-culture  plates.  MCF-7  cdls  (10,000  cells)  were  mixed  with  1  ml  of 
0.36%  Bactoagar  solution  in  DMEM  prepared  in  a  similar  manner  and  layered  on  top  of  the  0.6% 
Bactoagar  layer.  Plates  were  incubated  at  37  °C  in  5%  CO,  for  21  days. 

Immunofluorescence  confocal  studies. 

Cellular  localization  of  T7-MTA1  and  ER  was  determined  using  indirect  immunofluorescence  as 
described10.  Briefly,  cells  grown  on  glass  coverslips  were  fixed  (without  permcabilization)  in 
ethanol/methanol  ( 1:1)  at  -20  °C  for  3  min.  Cells  were  treated  with  or  without  anti-T7  monoclonal 
antibody  or  anti-ER  antibody  and  were  then  treated  with  Alexa-546-labefled  goat  anti- mouse  antibody 
or  Alexa-488  (Molecular  Probes).  For  controls,  cells  were  treated  only  with  the  secondary  antibodies. 
Images  are  z-s«tions  taken  at  the  same  cellular  level  and  magnification.  Confocal  analysis  was  carried 
out  using  a  Zeiss  laser-scanning  confocal  microscope  and  the  established  methods,  involving  process¬ 
ing  of  the  same  section  for  each  detector  (two  excitations  corresponding  to  546  and  488  nm)  and  com¬ 
paring  images  pixel  by  pixel.  Co-localization  of  the  two  proteins  is  indicated  by  the  presence  of  yellow 
color  as  a  result  of  overlapping  red  and  green  pixels. 

Chromatin  immunopreclpitation  (CHIP)  assays. 

Quantitative  ChIP  assays  were  carried  out  as  described3*3’.  Cells  were  treated  with  37%  formaldehyde 
solution  (final  concentration  1%)  to  crosslink  T7-MTA1  or  HDAC2  to  DNA-  Cells  were  washed  twice 
with  PBS  (pH  7.4)  containing  protease-inhibitor  cocktail  (Roche)  and  were  then  lysed  with  lysis  buffer 
containing  !%  SDS  and  sonicated  as  described33.  Supernatants  from  sonicated  lysates  were  diluted  ten¬ 
fold  with  chromatin-dilution  buffer  containing  0.01%  SDS,  U%  Triton  X-100  and  protease-inhibitor 
cocktail.  For  input  DNA,  1%  of  the  chromatin  solution  was  kept  aside  before  immunopredpitation. 
Chromatin  solutions  were  immunopredpitated  with  anti-T7  (Novagen)  or  anti-HDAC2  antibody 
(Santa  Cruz)  at  4  °C  overnight.  Beads  were  washed  as  described1  on  a  rotating  platform  before  finally 
eluting  antibody-bound  chromatin  by  incubation  with  400  jll  of  1%  SDS  containing  0.1  M  NaHCO,. 
The  eluate,  as  well  as  the  input  chromatin,  was  heated  to  65  °C  for  6  h  to  reverse  the  formaldehyde 
crosslinks,  and  was  then  subjected  to  phenol-chloroform  extraction.  The  supernatant  was  ethanol-pre- 
dpitated  and  resuspended  in  50  Jll  of  10  mM  Tris-1  mM  EDTA,  pH  7.4.  Quantitative  PCR  analysis 
was  carried  out  with  10  jll  of  DNA  sample  restricted  to  25  cycles.  Our  pS2  gene  primers17  amplify  the 
region  including  the  ER-responsive  element  from  position  -463  to  -159;  c-Myc  gene  primers23  amplify 
the  region  from  -65  to  +192.  PCR  products  were  resolved  on  1.5%  agarose  gel  and  visualized  with 
cthidium  bromide.  Images  were  quantified  using  Sigma  gel-analysis  software,  version  I. 

to  situ  hybridization. 

For  in  situ  hybridization,  mouse  mammary-gland  tissues  or  18-day-old  embryos  (E18)  were  cut  out 
and  fixed  with  10%  neutral-buffered  formaldehyde  and  processed  routinely  to  make  paraffin  sections 
as  described60.  In  situ  hybridization  was  carried  out  in  frozen  sections  using  the  digoxigenin-labcllcd 
riboprobe  (Roche).  A  290-bp  fragment  of  mouse  MTAl  cDNA  corresponding  to  bases  1,781-2,070  of 
the  human  MTAl  mRNA  region  was  amplified  by  RT-PCR,  subdoned  into  the  TOPO II  vector 
(Promega)  and  used  for  riboprobe  synthesis.  RNA  probes  were  labelled  with  digoxigenin  and 
hybridized  for  16-20  h  in  buffer  containing  1  Jig  ml*1  riboprobes,  50%formamide,  300  mM  NaCl, 

10  mM  Tris  pH  7.4, 10  mM  NaH2P04  pH  6.8,  5  mM  EDTA  pH  8.0,  0.2%  Ficofl  400,  0J%  polyvinyl 
pyrolidone,  10%  dextran  sulphate,  200  Jig  mL1  yeast  total  RNA  and  50  mM  dithiothreitol.  Alkaline- 
phosphatase-]  abeDed  sheep  anti-digoxigemn  antibody  was  applied  and  signals  were  visualized  by  NBT- 
BCIP.  Sense-probe  hybridization  was  used  for  background  control. 
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Figure  $1  MTA1  act  as  a  global  steroidal  repressor.  MCF-7  cells  were  cotrans¬ 
fected  with  a  GRE-CAT  promoter-reporter  construct  and  MTA1  or  with  a  vector 
control.  Some  cultures  were  treated  with  dexamethasone  {500  nM)  or  progesterone 
(500  nM)  for  16  h,  and  cell  extracts  were  assayed  for  CAT  activity  (n  =  4). 
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Paclitaxel  (Taxol)  is  a  potent  and  highly  effective 
antineoplastic  agent  for  the  treatment  of  advanced, 
drug-refractory,  metastatic  breast  cancers.  Taxol  not 
only  induces  tubulin  polymerization,  stabilizes  micro¬ 
tubules,  blocks  cell  cycle  progression,  and  induces 
apoptosis,  but  it  also  alters  gene  expression.  Here,  we 
have  identified  that  Taxol  can  upregulate  expression  of 
the  gene  encoding  the  cell  cycle  protein  p55Cdc  by  using 
cDNA  array  technique.  Taxol  induced  p55Cdc  mRNA 
expression  through  activation  of  the  p55Cdc  promoter, 
which  led  to  increase  p55Cdc  protein  expression.  Taxol 
also  activated  p55Cdc-associated  kinase.  In  addition, 
overexpression  of  the  p55Cdc  gene  resulted  in  cell  death 
in  both  HeLa  cells  and  NIH3T3  cells  in  a  dose- 
dependent  manner.  A  dominant-negative  mutant  of 
p34cdc2  blocked  Taxol-induced  p55Cdc  activation  and 
inhibited  p55Cdc-induced  and  Taxol-induced  cell  death. 
Our  data  suggest  that  transcriptional  upregulation  of 
p55Cdc  and  activation  of  p55Cdc  by  Taxol-mediated 
p34cdc2  activation  play  a  critical  role  in  Taxol-induced 
cell  death.  Oncogene  (2001)  20,  2537-2543. 

Keywords:  cDNA  array;  Taxol;  p55Cdc;  p34a!c2;  apop¬ 
tosis 


Introduction 

Paclitaxel  (Taxol),  a  diterpene  compound,  was  origin¬ 
ally  isolated  from  the  stem  bark  of  Taxus  brevifolia  and 
shown  to  have  antiproliferative  activity  in  various 
cultured  cancer  cells  and  antineoplastic  activity  in 
cancer  patients  (Wani  et  al. ,  1971).  These  effects  appear 
to  be  related  to  Taxol’s  ability  to  bind  tubulin,  to 
promote  microtubule  assembly,  and  to  stabilize  micro¬ 
tubules  by  bundle  formation  (Kumar,  1981;  Schiff  et 
al .,  1979;  Schiff  and  Horwitz,  1980).  Taxol  has  also 
been  shown  to  alter  gene  expression  (Ding  et  al 1990; 
Bogdan  and  Ding.,  1992).  Thus,  identification  and 
characterization  of  changes  in  gene  expression  profiles 
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in  response  to  Taxol  treatment  may  lead  to  a  better 
understanding  of  mechanisms  for  Taxol-mediated 
activity  and  facilitate  design  of  novel  cancer  therapies. 
The  recently  described  cDNA  array  or  DNA  chip 
technology  allows  monitoring  of  expression  of  thou¬ 
sands  of  genes  simultaneously  and  provides  a  format 
for  identifying  genes  and  changes  in  their  activities 
(Shena  et  al .,  1995;  Shalon  et  al ,  1996;  Heller  et  al , 
1997;  DeRisi  et  al ,  1996).  The  p55Cdc  gene  product  is 
a  cell  cycle  protein  expressed  in  proliferating  cells  but 
not  in  differentiated,  growth-arrested  cells  (Weinstein  et 
al,  1994).  This  protein  has  homology  to  Saccharomyces 
cerevisiae  proteins  Cdc4  and  Cdc20,  which  are  believed 
to  regulate  DNA  synthesis  and  mitosis,  respectively 
(Weinstein  et  al,  1994;  Choi  et  al,  1990).  Furthermore, 
overexpression  of  p55Cdc  in  a  myeloid  leukemic  cell 
line  resulted  in  increased  serum-  and  factor-starved 
apoptosis,  and  inducible  expression  increased  cell  death 
in  the  same  cell  line  (Kao  et  al,  1996;  Lin  et  al,  1998). 
Using  the  cDNA  array  technique  in  this  study,  we 
found  that  Taxol  could  induce  p55Cdc  gene  expression 
in  HeLa  cells.  Taxol  also  induced  both  p55Cdc  mRNA 
and  protein  expression  in  a  dose-dependent  manner. 
Furthermore,  p55Cdc  expression  resulted  in  increased 
cell  death,  but  dominant-negative  p34cdc2  could  inhibit 
p55Cdc-induced  and  Taxol-induced  cell  death.  These 
results  suggest  that  p55Cdc  may  play  a  role  in  Taxol- 
mediated  apoptosis. 


Results  and  discussion 

To  elucidate  Taxol-mediated  gene  expression  profiles  in 
cultured  cells,  we  performed  differential  hybridization 
analysis  of  cDNAs  from  HeLa,  MDA-MB-435,  435- 
eB.l  (Her2/neu  stable  transfectant  of  MDA-MB-435) 
and  MCF-10A  cell  lines  grown  with  or  without  Taxol 
treatment  and  then  hybridized  to  an  Atlas  cDNA 
expression  array  (Clontech).  The  expression  of  eight 
genes  in  HeLa,  18  genes  in  MDA-MB-435,  31  genes  in 
435-eB,l  and  17  genes  in  MCF-10A  cells  were 
upregulated  with  Taxol  treatment  (data  not  shown). 
Expression  of  nuclear  factor  90  (NF90),  fos-related 
antigen-2  (FRA-2),  p55Cdc  and  transcriptional  factor 
PAX3  were  commonly  high  and  transcriptional  initia¬ 
tion  factor  TFIID  subunit  TAFII31,  transferrin 
receptor,  RNA  polymerase  II  elongation  factor  Sill 
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and  CD44  were  lower  in  these  cell  lines  (data  not 
shown).  Among  these,  p55Cdc  expression  with  Taxol 
treatment  was  20-fold  higher  than  that  of  nontreatment 
in  HeLa  cell  (Figure  la),  and  six-  or  twofold  higher  in 
435-eB.l  or  MCF-10A  cells  (data  not  shown).  Thus,  in 
all  three  cell  lines  tested,  the  p55Cdc  RNA  expression 
was  found  to  be  increased  by  Taxol  treatment,  though 
the  increased  level  is  not  exactly  the  same.  To  confirm 
upregulation  of  p55Cdc  expression  by  Taxol,  we 
performed  RT-PCR  in  various  cell  lines.  The 
upregulation  was  detected  in  HeLa  and  MCF-7  cells 
(Figure  lb).  To  determine  whether  an  increase  in 
p55Cdc  RNA  resulted  in  an  increase  in  p55Cdc 
protein,  protein  lysates  were  prepared  from  HeLa  and 
MCF-7  cells  after  Taxol  treatment.  As  shown  in  Figure 
lc,  0.1  /(M  Taxol  clearly  caused  an  increase  in  p55Cdc 
protein  levels  in  these  cell  lines.  The  p55Cdc  protein  is 
known  to  play  a  role  in  mitosis  (Shteinberg  et  ai.,  1999; 
Kotani  el  cil. ,  1999),  Taxol  induce  mitotic  block  at  the 
metaphase/anaphase  transition  in  HeLa  cells  by 
stabilizing  spindle  microtubles  (Jordan  et  at.,  1993). 
Activity  of  the  p55Cdc-associated  myelin  basic  protein 
kinase  peaks  in  the  G2/M  phase  in  HeLa  cells, 
paralleling  Taxol-induced  mitotic  block  (Farruggio  et 
at.,  1999).  To  examine  whether  Taxol  could  activate 
the  p55Cdc-associated  kinase,  p55Cdc  proteins  were 


immunoprecipitated  with  anti-p55Cdc  antibody  from 
Taxol-treated  or  -untreated  HeLa  cell  lysates  and 
tested  for  the  kinase  activity  of  phosphorylation  of 
myelin  basic  proteins.  As  shown  in  Figure  Id,  Taxol 
not  only  induced  expression  of  p55Cdc,  but  also 
enhanced  activity  of  the  p55Cdc-associated  kinase. 

To  determine  whether  Taxol  can  induce  transcrip¬ 
tional  activity  of  the  p55Cdc  promoter,  we  subcloned 
1000  bp  of  the  rat  p55Cdc  promoter  (Weinstein  et  at., 

1998)  into  the  pGL2  vector,  which  contains  the 
luciferase  reporter  gene.  The  construct  was  transiently 
transfected  into  HeLa  cells  with  or  without  Taxol 
treatment,  and  then  the  transcriptional  activity  of  the 
p55Cdc  promoter  was  measured  at  various  time.  After 
48  h,  the  relative  activity  of  the  p55Cdc-driven  luciferase 
reporter  gene  was  5.6  times  greater  in  the  treated  cells 
(Figure  2).  Thus,  Taxol  can  activate  the  p55Cdc 
promoter  and  enhance  p55Cdc  transcription,  which 
contributes  to  increased  p55Cdc  RNA  and  protein  ^ 
expression  and  p55Cdc-associated  kinase  activity. 

When  the  orderly  progression  of  the  cell  cycle 
disrupted,  an  abnormal  mitosis  (mitotic  catastrophe) 
occurs.  This  aberrant  process  takes  place  when  cell  cycle 
components  are  overexpressed  or  sustain  mutations 
(Russel  and  Nurse,  1987;  Heald  et  at.,  1993).  Deregula¬ 
tion  of  these  cell  cycle  components  leads  to  hyperactiva- 
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Figure  1  mRNA  and  protein  expression  of  p55Cdc  by  Taxol  treatment,  (a)  HeLa  cells  were  treated  with  0.1  fiwi  Taxol  (  +  )  or 
without  Taxol  (  — ),  and  gene  expression  was  analysed  using  cDNA  array.  Arrow  indicates  p55Cdc  gene  expression,  and  asterisk 
indicates  SAS  (transmembrane  4  superfamily  protein)  which  was  located  near  by  p55Cdc  on  the  membranes,  (b)  HeLa  and  MCF-7 
cells  were  treated  with  (  +  )  or  without  (-)  0.1  /im  Taxol  for  24  h,  and  p55Cdc  gene  expression  was  analysed  by  RT-PCR.  GAPDH 
was  used  as  a  control.  The  numbers  at  the  bottom  show  fold  induction,  (c)  p55Cdc  protein  expression  was  analysed  in  HeLa  and 
MCF-7  cells  by  Western  blot  analysis  after  exposure  to  Taxol  for  24  h.  Actin  was  used  as  a  protein  loading  control.  The  numbers  at 
the  bottom  show  fold  induction,  (d)  Activation  of  the  p55Cdc-  associated  kinase  by  Taxol  treatment.  Extracts  were  ptepared  from 
HeLa  cells  treated  with  0.1 /fM  Taxol  (  +  )  or  without  Taxol  (-)  for  24  h  and  incubated  with  anti-p55Cdc  antibody. 
Immunoprecipitates  were  assayed  for  associated  kinase  activity  toward  myelin  basic  protein  (MBP).  Samples  were  analysed  by 
SDS-PAGE  followed  by  phosphoimaging 
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tion  of  cdc2  at  an  inappropriate  time  during  the  cell 
cycle.  Cdk  activation  induced  by  inappropriately  by¬ 
passing  mitotic  checkpoints  may  result  in  death  to  the 
cell  in  a  manner  similar  to  that  seen  in  mitotic 
catastrophe  (Shi  et  al 1994;  Meikrantz  et  a /.,  1994). 
To  address  whether  p55Cdc  plays  a  functional  role  in 
Taxol-mediated  responses,  we  examined  the  effect  of 
increased  p55Cdc  expression  on  programmed  cell  death. 
We  amplified  the  full-length  ORF  of  the  p55Cdc  cDNA, 


Figure  2  Activation  of  the  p55Cdc  promoter  with  Taxol 
treatment.  Five  micrograms  of  the  luciferase  reporter  gene  driven 
by  the  p55Cdc  promoter  were  transfected  into  HeLa  cells  on 
100  mm  dishes.  Twenty-fours  after  transfection,  cells  were  split 
onto  six-well  plates  with  (  +  )  or  without  Taxol  (  —  ).  Luciferase 
activity  was  measured  at  indicated  time  points  and  normalized  by 
measurement  of  protein  concentration  and  fl- gal  activity.  Data 
represent  the  average  of  three  independent  experiments 
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which  was  subcloned  into  pCGN-p55Cdc  and  transi¬ 
ently  transfected  into  HeLa  cells  and  293T  cells  (Figure 
3a).  Overexpression  of  HA-tagged  p55Cdc  resulted  in 
decreased  expression  of  cyclin  B1  (Figure  3a).  These 
finding  indicate  that  overexpression  of  p55Cdc  results  in 
activation  of  cyclosome/anaphase  promoting  complex 
(APC).  Next,  we  asked  whether  overexpression  of 
p55Cdc  results  in  decrease  in  cell  viability.  The  pCGN- 
p55Cdc  expression  vector  were  cotransfected  with  a 
pCMV-luciferase  reporter  gene  construct  which  ex¬ 
pressed  in  living  cells  but  not  in  dead  cells.  Luciferase 
activity  was  quantitated  and  normalized  by  /Lgal 
activity.  Expression  of  p55Cdc  resulted  in  decreased 
survival  in  a  dose-dependent  manner  (Figure  3b).  Thus, 
upregulation  of  p55Cdc  expression  can  activate  cyclo- 
some/APC  and  lead  to  decrease  cell  viability. 

Since  Taxol  can  induce  both  cell  death  and  p55Cdc 
expression,  we  ask  whether  Taxol-induced  p55Cdc 
expression  may  contribute  to  Taxol-induced  apoptosis. 

We  had  previously  shown  that  activation  of  p34cdc2  at 
G2/M  phase  of  cell  cycle  is  required  for  Taxol-induced 
apoptosis  in  breast  cancer  cells  because  Taxol-mediated 
activation  of  p34cdc2  kinase  occurred  prior  to  Taxol- 
induced  apoptosis  and  inhibition  of  Taxol-mediated 
activation  of  p34cdo2  kinase  by  the  dominant-negative 
mutant  of  p34cdc2  diminished  Taxol-induced  apoptosis 
(Yu  et  al ,  1998).  Because  p55Cdc  is  phosphorylated  by 
cdc2-cyclinB,  and  this  phosphorylation  is  required  for 
p55Cdc-dependent  cyclosome/APC  activation  (Kotani 
et  al ,  1999),  we  therefore  investigate  whether  Taxol- 
induced  p34cdc2  activation  is  involved  in  Taxol-mediated 
p55Cdc  activation  and  if  a  potential  relationship 
between  p34cdc2  and  p55Cdc  induces  cell  death.  We 
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Figure  3  Effect  of  overexpression  of  p55Cdc  on  cell  survival,  (a)  Lysate  prepared  from  HeLa  cells  and  293T  cells  transfected  with 
HA-tagged  p55Cdc  expression  vectors  (0  or  5  j.tg)  were  detected  by  anti-HA  and  anti-Cyclin  B1  antibodies,  (b)  Two  different  dose 
(2.5  or  5  fig)  of  HA-tagged  p55Cdc  expression  vectors  were  cotransfected  with  luciferase  reporter  plasmids  and  /Lgal  plasmids  for 
normalizing  transfection  efficiencies  in  HeLa  and  NIH3T3  cells.  Twenty-four  hours  after  transfection,  medium  were  changed  to 
serum  free  conditions  and  cells  were  incubated  for  another  48  h.  Cells  were  harvested,  luciferase  activity  was  measured,  and  survival 
ratios  (HA-p55Cdc/vector  only)  were  determined.  Data  represent  the  average  of  three  independent  experiments.  HA-tagged  p55Cdc 
protein  expression  was  confirmed  by  Western  blot  analysis  using  anti-HA  antibody 
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cotransfected  pCGN-p55Cdc  and  pCMV-cdc2-dn  ex¬ 
pression  vectors  into  HeLa  cells.  The  dominant- 
negative  mutant  of  cdc2  inhibited  p55Cdc-induced 
(Figure  4a- 1)  and  Taxol-induced  cell  death  (Figure 
4a-2),  but  not  serum-starved  cell  death  (Figure  4a-3). 
Thus,  the  pathways  of  p55Cdc-  and  Taxol-  induced  cell 
death  seems  to  be  different  from  serum-starved  induced 
cell  death.  The  overexpression  of  p55Cdc  resulted  in 
decrease  in  expression  of  cyclin  Bl.  However,  coex¬ 
pression  of  dominant-negative  cdc2  inhibited  p55Cdc 
overexpression  mediated  cyclin  Bl  regulation  (Figure 
4b).  Furthermore,  forced  expression  of  p55Cdc  and 
Taxol  treatment  resulted  in  activation  of  the  p55Cdc- 
associated  kinase.  Expression  of  dominant-negative 
cdc2  inhibited  p55Cdc  overexpression-  and  Taxol- 
induced  p55Cdc-associated  kinase  activity  (Figure  4c). 


The  expression  level  of  p55Cdc  is  known  to  fluctuate 
during  the  cell  cycle.  Protein  levels  of  p55Cdc  peak  in 
M  phase  and  phosphorylation  of  p55Cdc  is  detected 
during  mitosis  (Weinstein,  1997;  Kramer  et  al ,  1998). 
To  study  whether  the  Taxol-induced  expression  of 
p55Cdc  occurred  as  a  result  of  mitotic-arrest  by  Taxol, 
cells  were  synchronized  at  the  Gl/S  boundary  by 
double  thymidine  block  and  then  treated  with  Taxol 
for  8  h.  Both  mRNA  and  protein  levels  of  p55Cdc 
were  low  at  Gl/S  boundary  (Figure  5a, b).  However, 
increased  expression  of  both  mRNA  and  protein  of 
p55Cdc  were  observed  after  8  h  Taxol  treatments 
(Figure  5a, b).  Furthermore,  when  cells  were  treated 
at  8  h  after  the  release  from  thymidine  block,  there  is 
no  increase  in  p55Cdc  expression.  As  a  matter  of  fact, 
double  block  was  observed  and  protein  level  was 


Mock  DN-cdc2  Mock  DN-cdc2  Mock  DN-cdc2 


Figure  4  Effect  of  dominant-negative  mutant  of  p34cdc2  on  p55Cdc-induced  and  Taxol-induced  cell  death,  (a)  Inhibition  of 
p55Cdc-induced  and  Taxol-induced  cell  death  by  the  dominant-negative  mutant  of  p34cdt2  (DN-cdc2).  (1)  2.5  pig  of  HA-tagged 
p55Cdc  expression  vectors  or  control  empty  vectors  were  cotransfected  into  HeLa  cells  with  DN-cdc2  or  empty  vectors  (Mock)  and 
with  lucifcrase  and  fi- gal  plasmids  normalizing  transfection  efficiencies.  Luciferase  activity  was  measured,  and  survival  ratios  (HA- 
p55Cdc/vector  only)  were  determined.  Per  cent  cell  death  were  calculated  by  subtraction  the  numbers  of  survival  ratios  of  HA- 
p55Cdc  from  these  of  empty  vector  and  compared  between  DN-cdc2  and  Mock  transfections.  (2,3)  HeLa  cells  were  cotransfected 
with  DN-cdc2  or  empty  vectors  (Mock)  and  luciferase  and  /Lgal  plasmids.  Luciferase  activity  was  measured,  survival  ratios  (Taxol/ 
nontreatment  or  serum-starved/nontreatment)  were  determined.  Per  cent  cell  death  were  calculated  by  subtraction  the  numbers  of 
survival  ratios  of  Taxol  treatment  or  serum-starvation  treatment  from  these  of  nontreatment  and  compared  between  DN-cdc2  and 
Mock  transfections.  Data  represent  the  average  of  three  independent  experiments,  (b)  Inhibition  of  p55Cdc-mediated  APC/ 
cyclosome  activation  by  DN-cdc2.  HA-tagged  p55Cdc  expression  vectors  or  control  empty  vectors  were  cotransfected  into  293T 
cells  with  DN-cdc2  or  empty  vectors  (Mock).  The  transfection  efficiency  of  293  T  is  approximately  30-40%  under  our  standard 
protocols.  The  cell  lysates  were  immunoblotted  with  anti-p55Cdc,  anti-Cyclin  Bl  and  anti-cdc2  antibodies.  Actin  was  used  as  a 
protein  loading  control,  (c)  Inhibition  of  p55Cdc-induced  and  Taxol-induced  p55Cdc  associated  kinase  activity  by  DN-cdc2.  Cells 
were  treated  as  in  a  and  were  collected  and  assayed  for  p55Cdc-associated  kinase  activity  as  in  Figure  ID.  The  protein  levels  ot  HA 
and  p55Cdc  were  determined  by  Western  blot  analysis.  Actin  was  used  as  a  protein  loading  control 
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Figure  5  Effect  of  mitotic  arrest  on  both  mRNA  and  protein  expression  of  p55Cdc.  HeLa  cells  were  synchronized  at  the  Gl/S 
boundary  by  double  thymidine  block  and  released  into  the  cell  cycle.  The  cells  were  then  exposed  to  Taxol  (0.1  (  +  ))  for  8  h  at 

the  beginning  of  the  release  from  thymidine  block  (most  of  cells  were  in  Gl/S  phase)  or  at  8  h  after  the  release  from  thymidine 
block  (M  phase)  in  the  absence  of  serum.  After  8  h  incubation,  cells  were  harvested  and  both  RNA  and  cell  lysates  were  prepared, 
(a)  p55Cdc  gene  expression  was  analysed  by  RT-PCR.  GAPDH  was  used  as  a  control,  (b)  The  cell  lysates  were  immunoblotted 
with  anti-p55Cdc,  anti-Cyclin  B1  and  cdc2  antibodies.  Actin  was  used  as  a  protein  loading  control,  (c)  A  model  to  demonstrate 
Taxol-mediated  cell  death  through  p34cdc2  and  p55Cdc 


reduced  (Figure  5b).  Thus,  these  findings  suggest  that 
increased  p55Cdc  expression  is  probably  induced  as  a 
result  of  mitotic-arrest  by  Taxol. 

As  mentioned  previously,  p55Cdc-associated  kinase 
activity  is  correlated  with  Taxol-induced  mitotic  block. 
This  mitotic  block  is  followed  by  an  abnormal  exit 
from  mitosis  into  an  interphase-like  state  with  no 
accompanying  cytokinesis.  The  block  appears  to  be 
sufficient  to  inhibit  further  cell  proliferation  and  to 
induce  cell  death  by  apoptosis  (Jordan  et  al ,  1996).  In 
the  present  work,  we  showed  that  Taxol  can  induce 
p55Cdc,  which  is  a  known  regulator  of  mitosis.  The 
data  suggest  that  Taxol  induces  cell  death  not  only  by 
regulating  stabilization  of  microtubles  but  also  by 
directly  regulating  mitotic  regulators.  In  this  regard, 
both  transcriptional  upregulation  of  p55Cdc  and 
activation  of  p55Cdc  by  Taxol-mediated  p34cdc2  kinase 
activity  may  contribute  to  the  Taxol-induced  cell  death 
(Figure  5c). 


Materials  and  methods 

Cell  culture 

HeLa  cells  (human  epithelioid  cervical  cancer  cell  line), 
NIH3T3  cells  (mouse  fibroblast  cell  lines)  and  human  breast 


cancer  cell  lines  MCF-7  and  MDA-MB-435  were  maintained 
in  DMEM/F12  medium  containing  10%  fetal  bovine  serum 
(37°C,  5%  C02).  The  435-eB  transfectants  were  established 
and  cultured  as  previously  reported  (Yu  et  al .,  1996).  MCF- 
10A  cells  (normal  human  breast  epithelial  cell  line)  were 
maintained  in  DMEM/F12  medium  containing  5%  horse 
serum  with  insulin  (10  pg/ml),  epidermal  growth  factor 
(20  ng/ml),  cholera  endotoxin  (100  ng/ml),  hydrocortisone 
(0.5  ^g/ml),  and  calcium  (1.05  mM).  Cells  were  seeded  at 
densities  of  1  x  105  cells/ml  so  that  they  grew  in  log  phase  for 
the  duration  of  each  experiment.  Two  days  after  seeding,  cells 
were  grown  in  fresh  medium  with  Taxol  (0.1  pM)  or  without 
Taxol  (Bristol-Meyers  Squibb  Co.)  for  24  h. 

Differential  hybridization  of  cDNA  expression  arrays 

Total  RNA  was  isolated  from  cells  using  Trizol  reagent  (Life 
Technologies)  according  to  the  protocol  recommended  by  the 
manufacturer.  Poly  (A)+  RNA  was  purified  from  250- 
300  pg  of  total  RNA  using  the  Oligotex  purification 
(QIAGEN)  according  to  the  protocol  recommended  by  the 
manufacturer.  RNA  was  precipitated  at  —  70°C  for  1  h  with 
3  M  sodium  acetate  (pH  5.2)  and  100%  ethanol.  After  drying, 
the  RNA  pellet  was  resuspended  in  7.5  jul  of  DEPC-treated 
water  and  2  p\  of  CDS  primer  (0.02  pM)  (Clontech)  and 
incubated  at  70°C  for  10  min.  After  placing  the  reaction 
mixture  on  ice,  2  p\  of  10  x  reaction  buffer,  2  p\  of  25  mM 
MgCL,  1  p\  of  dNTPs  (5  mM  dATP,  dGTP,  and  dTTP  and 
50  nM  dCTP),  2  p\  of  100  mM  DTT  and  3.5^1  of 
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[oc-32P]dCTP  (10  fid)  were  added,  and  the  mixture  was 
incubated  at  42°C  for  5  min.  One  microliter  of  SuperScriptll 
reverse  transcriptase  (Life  Technologies)  was  added,  and 
incubated  at  42UC  for  1  h.  After  purification  using  a  spin 
column,  cDNAs  were  hybridized  to  two  Atlas  human  cDNA 
expression  arrays  (Clontech)  in  separate  bags  for  18  h  at 
50°C.  After  washing  with  0.1  x  SSC  and  0.1%  SDS  at  room 
temperature  for  10  min  and  with  0.3  x  SSC  and  0.1%  SDS  at 
68 °C  for  30  min,  the  expression  arrays  were  exposed  to  a 
phosphoimaging  plate  for  18  h.  The  data  were  analysed  using 
ImageQuanl  software  (Molecular  Dynamics).  The  GAPDH 
gene  was  used  as  an  internal  control  for  hybridization 
efficiency  and  cDNA  concentration. 

RT-PCR 

Reverse  transcription  was  performed  on  5  fig  of  total  RNA 
using  the  Superscript  preamplification  system  (Life  Technol¬ 
ogies).  The  full-length  ORF  of  the  p55Cdc  cDNA  was 
amplified  by  PCR  from  5%  of  the  RT  products  using 
forward  primer  (5  -GGGCTCTAGAATGGCACAGTTC-3 ) 
and  reverse  primer  (5-GGGTTCTAGATCAGCGGATG- 
CCT-3'),  both  containing  a  Xbal  site  (underlined).  Thirty 
cycles  of  RT-PCR  were  performed  with  denaturation  94°C 
for  1  min,  annealing  at  60°C  for  1  min,  and  extension  at 
72 °C  for  1  min.  Products  were  analysed  by  electrophoresis 
through  a  1%  agarose  gel. 

Western  blotting 

Equal  amounts  of  protein  from  cell  lysates  were  separated  on 
8%  polyacrylamide  gels  and  transferred  to  nitrocellulose 
filters.  Each  filter  was  blocked  at  room  temperature  for  1  h 
with  PBS  containing  0.05%  Tween  20  and  5%  dry  milk. 
They  were  then  incubated  at  4°C  overnight  in  the  same 
solution  with  anti-HA  antibody  (1:1000)  (Boehringer- 
Mannheim  Corp.),  anti-p55Cdc  antibody  (1:600)  (Santa 
Cruz),  anti-CyclinBl  antibody  (1  :  1000)  (Neo  Marker),  anti- 
cdc2  antibody  (1  : 1000)  (Neo  Marker),  or  anti-actin  antibody 
(1:3000)  (Sigma).  The  filters  were  washed  three  times  for 
10  min  each  in  PBS  containing  0.05%  Tween  20,  and  then 
incubated  with  horseradish  peroxidase-conjugated  anti-mouse 
IgG  antibody  against  HA,  anti-goat  IgG  antibody  against 
p55Cdc,  or  anti-rabbit  IgG  antibody  against  CyclinBl,  cdc2 
and  aclin  (Boehringer-Mannheim  Corp.)  for  40  min.  Specific 
proteins  were  detected  using  an  enhanced  chemiluminescence 
system  (Amersham  Corp.). 

Imnmnoprecipitation  and  kinase  assays 

29 3 T  cells  were  cotransfected  with  pCGN-p55Cdc  or  a 
pGEM  control  vector  and  either  pCMVcdc2-dn  (a  dominant 
negative  p34ct,c2  expression  vector)  or  a  pCDNA3  control 
vector  encapsulated  in  DC-Chol  liposome.  Forty-eight  hours 
later,  cells  were  lysed  with  immunoprecipitation  (IP)  buffer 
[0.5%  N P-40,  150  mM  NaCl,  50  mM  Tris  (pH  8.0)]  contain¬ 
ing  2%  aprotinin,  5  mM  PMSF,  100  mM  NaF,  2  mM  Na3V04 
and  1  mM  EDTA.  Five  hundred  micrograms  of  protein  from 
each  sample  was  incubated  at  4°C  with  1  fig  of  antibody 
overnight  and  for  another  2  h  after  addition  of  protein  G- 
agarose.  The  immunoprecipitates  were  washed  three  times 
with  IP  buffer  and  twice  with  kinase  buffer  [20  mM  HEPES 
(pH  7.4),  150  mM  KC1,  5  mM  MnCl2,  5  mM  NaF,  1  ihm 
DTT]  and  then  resuspended  in  40  ft\  of  kinase  buffer 
containing  5  fig  of  myelin  basic  protein  and  10  fiC i  of 
[y_^pjATp  Following  30  min  incubations  at  30°C,  the 
reactions  were  terminated  with  40  /d  of  2  x  Laemmli  SDS 


sample  buffer.  Samples  were  incubated  for  5  min  at  96°C  and 
resolved  by  15%  SDS -PAGE. 

Cloning  of  the  p55Cdc  promoter  and  generation  of  a  p55Cdc 
promoter-luciferase  reporter  construct 

Rat  genomic  DNA  was  isolated  from  the  normal  rat 
fibroblast  cell  line  Rati  using  Insta  gane  Matrix  (Bio-Rad) 
according  to  the  protocol  recommended  by  the  manufacturer. 
A  1000  bp  region  of  the  rat  p55Cdc  promoter  (Weinstein  et 
al .,  1998)  was  amplified  by  PCR  using  forward  primer  (5'- 
CCCAAGCTTGGGGCTTCCCTTCTTC-3')  and  reverse  pri¬ 
mer  (5-TAAAGCTTCGCCGAACAGTTATT-3'),  both  con¬ 
taining  a  Hindlll  site  (underlined).  Thirty-five  cycles  were 
performed  with  denaturation  at  95°C  for  1  min,  annealing  at 
55°C  for  1  min,  and  extension  at  72°C  for  1  min.  The  PCR 
fragments  were  digested  with  Hindlll ,  and  ligated  into  a 
pGL2  vector  (Promega)  containing  a  luciferase  reporter  gene. 
DNA  sequencing  of  double-strand  plasmid  DNAs  was 
performed  at  DNA  Core  Facility  in  MD  Anderson  Cancer 
Center. 


Luciferase  assays 

HeLa  cells  were  cotransfected  with  the  pGL2-p55Cdc 
promoter  vector  and  a  /i-actin-lacZ  vector  using  the  cationic 
liposome  method.  Cells  were  lysed  with  1  x  lysis  buffer 
(Promega)  after  9,  24,  36  and  48  h.  After  centrifugation, 
half  of  the  supernatant  was  used  for  a  /Tgalactosidase  (/Lgal) 
assay  to  determine  transfection  efficiency,  and  one-sixth  was 
added  to  reconstituted  luciferase  assay  reagent  in  a  luciferase 
assay  kit  (Promega).  Light  emission  was  detected  by  a 
luminometer. 

Construction  of  the  p55Cdc  expression  vector . 

The  full-length  ORF  of  the  p55Cdc  cDNA  was  amplified  by 
PCR  from  RT-products  from  HeLa  mRNA  by  the  forward 
primer  (5'-GGGCTCTAGAATGGCACAGTTC-3')  and  re¬ 
verse  primer  L5'-GGGTTCTAGATCAGCGGATGCCT-3'), 
both  containing  a  Xbal  site  (underlined).  The  PCR  fragments 
were  digested  with  Xbal  and  ligated  into  a  pCGN  expression 
vector  containing  an  HA  epitope  tag  at  the  NH2  terminal. 
DNA  sequencing  of  double-strand  plasmid  DNAs  was 
performed  at  DNA  Core  Facility  in  MD  Anderson  Cancer 
Center.  To  express  HA  epitope-tagged  p55Cdc,  the  pCGN- 
p55Cdc  vector  was  transfected  into  HeLa  cells  by  the 
liposome-mediated  gene  transfer  method. 

Double  thymidine  cell  cycle  synchronization  at  Gl/S  phase 

HeLa  cells  were  treated  with  1  mM  thymidine  for  24  h, 
followed  by  a  8  h  release  in  fresh  DMEM/F12  medium  with 
10%  fetal  bovine  serum  and  successive  retreatment  with 
thymidine  for  14  h  and  released  to  enter  cell  cycle  (Lu  and 
Hunter,  1995) 
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Abstract 

It  has  been  suggested  that  BRCA2,  the  protein  product  of  the  breast 
cancer  susceptibility  gene  BRCA2 ,  is  involved  in  DNA  damage  repair.  It  is 
therefore  likely  that  BRCA2  plays  a  role  in  a  signaling  pathway  induced 
by  DNA-damaging  agents.  To  test  this  possibility,  we  examined  the  alter¬ 
ation  of  the  BRCA2  protein  level  in  human  ceil  lines  after  UV  irradiation. 
We  found  that  UV  irradiation  down-regulated  BRCA2  in  a  dose-depen- 
dent  manner  in  all  cell  lines  tested.  The  down-regulation  of  BRCA2 
occurred  soon  (within  4  h)  after  UV  treatment.  Surprisingly,  down- 
regulation  of  BRCA2  by  UV  does  not  require  functional  p53,  which  has 
been  suggested  to  be  required  for  the  down-regulation  of  BRCA1  and 
BRCA2  mRNAs  by  DNA-damaging  agents.  Moreover,  the  proteosome- 
and  calpain-mediated  protein  degradation  pathways  do  not  have  an  im¬ 
portant  role  in  the  UV-induced  BRCA2  depletion.  However,  blocking 
protein  synthesis  temporally  inhibited  the  depletion  of  BRCA2  and 
BRCA1  in  some  cell  lines.  Ectopic  expression  of  BRCA2  in  cells  increased 
resistance  of  cells  to  high-dose  UV  irradiation.  These  results  demonstrate 
that  BRCA2  is  involved  in  a  DNA-damaging  signaling  pathway  induced 
by  UV  radiation  and  that  expression  of  BRCA2  can  protect  cells  from 
UV-mediated  cell  death. 

Introduction 

Patients  carrying  heterozygous  germ-line  mutations  in  the  breast 
cancer  susceptibility  gene  BRCA2  are  predisposed  to  breast,  ovarian, 
and  other  types  of  cancer  (1-3).  The  wild-type  allele  of  the  BRCA2 
gene  is  usually  lost  in  tumors  of  patients  carrying  germ-line  BRCA2 
mutations,  indicating  a  prominent  role  of  BRCA2  in  the  development 
of  cancer.  Recently,  we  and  others  have  demonstrated  that  the  expres¬ 
sions  of  BRCA2  RNA  and  protein  are  regulated  in  a  cell  cycle- 
dependent  manner,  with  a  peak  expression  during  S  and  M  phases  of 
the  cell  cycle  (4-7).  Studies  using  Brca2  knockout  mice  suggested  a 
role  of  BRCA2  in  DNA  damage  signaling  and  repair  (reviewed  in 
Refs.  1-3).  Mouse  embryos  carrying  homozygous  mutations  of  Brca2 
are  developmental^  retarded  and  usually  die  early  in  embryogenesis. 
Homozygous  Brca2  mutant  mice  that  survive  to  birth  showed  a  wide 
range  of  defects,  including  the  development  of  lethal  thymic  lympho¬ 
mas.  In  addition,  mouse  embryonic  stem  cells  and  embryo  fibroblast 
cells  lacking  functional  Brca2  are  deficient  in  DNA  repair.  These 
observations  together  suggest  a  guardian  function  for  BRCA2  in 
maintaining  genome  integrity  by  participating  in  the  repair  of  DNA 
damage.  This  suggestion  is  further  supported  by  the  physical  associ- 
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ation  between  BRCA2  and  RAD51,  a  human  homologue  of  the 
Escherichia  coli  DNA  double-strand-break  repair  protein  RecA. 

UV  radiation  is  a  potent  DNA-damaging  agent  that  activates  a  wide 
spectrum  of  signaling  pathways  in  cells.  One  of  such  responses  is  the 
increased  level  of  wild-type  p53,  probably  because  of  its  increased 
protein  stability  by  site-specific  phosphorylation  induced  by  UV  (8). 
Mouse  embryos  lacking  functional  Brca2  have  been  shown  to  be 
hypersensitive  to  UV  irradiation  (9).  This  observation  suggests  that 
Brca2  is  essential  for  the  mouse  embryo  cells  to  survive  DNA  damage 
caused  by  UV.  However,  it  remains  to  be  determined  whether  BRCA2 
also  involves  in  stress  responses  to  UV  irradiation  in  human  adult 
cells. 

BRCA2  has  been  shown  to  physically  associate  with  the  tumor 
suppressor  p53  and  therefore  is  linked  to  the  p5 3-dependent  transac¬ 
tivation  function  (reviewed  in  Ref.  9  and  references  therein).  Consis¬ 
tently,  homozygous  Brca2  mutant  mouse  embryos  develop  better 
when  they  also  lack  a  functional  p53  gene,  suggesting  a  functional 
association  between  these  two  genes.  It  has  been  shown  that  loss  of 
the  p53  checkpoint  function  combined  with  BRCA2  deficiency  may 
trigger  tumor  formation  and  cancer  progression  (10).  The  functional 
and  physical  link  between  BRCA2  and  p53  raises  an  intriguing 
question  as  to  whether  the  response  of  BRCA2,  if  any,  to  DNA 
damage  caused  by  genotoxic  agents  requires  functional  p53. 

In  this  report,  we  show  that  UV  irradiation  results  in  depletion  of 
BRCA2  protein,  and  that  this  process  does  not  require  functional  p53 
but  requires  protein  synthesis.  We  also  show  that  forced  expression  of 
BRCA2  increased  cell  resistance  to  UV  irradiation. 

Materials  and  Methods 

Materials.  293  cells  were  maintained  in  high-glucose  DMEM-10%  fetal 
bovine  serum  containing  25  mM  HEPES.  Other  cell  lines  were  maintained  in 
DMEM/F-12  medium  with  10%  fetal  bovine  serum.  The  monoclonal  antibody 
N61  against  BRCA2  has  been  described  (7).  Antibodies  against  p53  (Onco¬ 
gene  Science,  Cambridge,  MA),  BRCA1  (Neomarker,  Union  City,  CA),  pRB 
(Santa  Cruz  Biotechnology,  Santa  Cruz,  CA),  and  PARP3  (PharMingen,  San 
Diego,  CA)  were  purchased.  Genistein,  MG115,  MG132,  and  ALLN  were 
purchased  from  Calbiochem  (La  Jolla,  CA).  z-VAD-fmk  was  purchased  from 
Enzyme  Systems  Products  (Livermore,  CA).  Cycloheximide  and  TNF-a  were 
from  Sigma  Chemical  Co.  (St.  Louis,  MO). 

BRCA2  Expression  Plasmids.  Fragments  of  the  wild-type  human  BRCA2 
cDNA  were  isolated  by  RT-PCR  and  completely  sequenced.  The  full-length 
BRCA2  cDNA  was  then  assembled  from  these  fragments  and  was  inserted  into 
a  modified  pcDNA3  plasmid.  The  ml  BRCA2  mutant,  which  mimics  a 
pathogenic  germ-line  mutation  and  has  a  two-nucleotide  deletion  at  codon  1 7, 
was  generated  using  mutagenesis  PCR. 

Immunoblot  Analysis.  Cells  were  harvested  and  lysed  in  ice-cold  NETN 
buffer  [150  mM  NaCl,  1  mM  EDTA,  20  mM  Tris  (pH  8.0),  and  0.5%  NP40]. 
Lysates  containing  an  equal  amount  of  protein  (60-120  p,g)  were  separated  by 
SDS-PAGE  and  blotted  to  polyvinylidene  difluoride  membrane  (Bio-Rad, 


3  The  abbreviations  used  are:  PARP,  poly(ADP-ribose)  polymerase;  z-VAD-fmk, 
z-Val-Ala-Asp-fluoromethyl  ketone;  TNF,  tumor  necrosis  factor;  EGFR,  epidermal 
growth  factor  receptor;  NF-kB,  nuclear  factor-KB. 
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Hercules,  CA).  Proteins  were  then  identified  using  antibodies  per  the  manu¬ 
facturer’s  instructions. 

UV  Survival  Assays.  293  cells  were  plated  in  six-well  plates  or  60-mm 
dishes  and  transfected  with  the  appropriate  plasmid  DNA  as  described  in  the 
figure  legends  using  the  cationic  liposome  LPD1  (a  gift  kindly  provided  by 
Drs.  Leaf  Huang  and  Song  Li,  University  of  Pittsburgh,  Pittsburgh,  PA). 
Sixteen  h  later,  the  transfected  cells  were  split.  For  the  luciferase  assay,  the 
cultures  in  six-well  plates  were  split  into  two  wells  and  treated  with  UV 
radiation  (80  J/irr)  36  h  after  plating.  The  cultures  were  maintained,  and  the 
medium  was  changed  every  3  days.  Ten  days  later,  the  cells  were  lysed,  and 
the  luciferase  activity  was  determined  using  a  luciferase  assay  system  (Pro- 
mega  Corp.,  Madison,  WI)  following  the  manufacturer’s  instructions.  Results 
from  four  independent  experiments  were  averaged.  For  the  clonogenic  assay, 
1  X  105  cells  were  transfected  in  60-mm  plates  and  then  plated  in  100-mm 
tissue  culture  dishes  48  h  after  transfection.  After  incubation  for  36  h,  the  cells 
were  treated  with  UV  irradiation  (80-120  J/m2),  and  the  cultures  were  main¬ 
tained  until  the  surviving  cells  formed  colonies. 
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UV  Irradiation  Altered  BRCA2  Protein  Expression.  To  inves¬ 
tigate  the  effect  of  UV  irradiation  on  BRCA2  protein  expression,  we 
examined  a  panel  of  human  cell  lines  including  an  immortalized 
normal  breast  epithelial  cell  line  (MCF-10A),  an  osteogenic  sarcoma 
cell  line  (U-2  OS),  a  pancreatic  cancer  cell  line  (CAPAN-1),  two 
breast  cancer  cell  lines  (MDA-MB-435  and  MDA-MB-231),  and  an 
ovarian  cancer  cell  line  (SKOV3-ipl;  Table  1).  UV  irradiation  down- 
regulated  BRCA2  protein  levels  in  a  dose-dependent  manner  in  each 
cell  line  tested  (Fig.  1  A).  Although  low-dose  UV  irradiation  down- 
regulated  BRCA2  to  various  extents  among  these  cell  lines,  UV  doses 
>12  J/m2  consistently  reduced  the  BRCA2  protein  in  all  cell  lines 
tested.  The  CAPAN-1  cell  line  expresses  a  truncated  BRCA2  because 
of  a  single  nucleotide  deletion  (6174dT)  in  exon  11  of  the  BRCA2 
gene  (7).  The  truncated  BRCA2  protein,  which  is  not  able  to  associate 
with  p53  (11),  was  still  down-regulated  by  UV  irradiation.  More 
importantly,  UV-induced  down-regulation  of  BRCA2  protein  did  not 
require  functional  p53.  BRCA2  protein  depletion  by  UV  can  be 
observed  in  cell  lines  expressing  wild-type  p53  (MCF-10A  and  U-2 
OS),  mutant  p53  (MDA-MB-231,  MDA-MB-435,  and  CAPAN-1),  or 
no  p53  (SKOV3-ipl).  As  expected,  the  p53  protein  level  was  induced 
by  UV  irradiation  in  a  dose-  and  time-dependent  manner  in  the  two 
cell  lines  expressing  wild-type  p53  (MCF-10A  and  U-2  OS)  and  was 
not  altered  in  cell  lines  expressing  mutant  p53  (Fig.  1A).  It  is  known 
that  BRCA2  expression  is  reduced  in  cells  growth  arrested  at  the 
G0-G,  phases  of  the  cell  cycle  (5,  7).  To  rule  out  the  possibility  that 
BRCA2  down-regulation  by  UV  may  be  a  secondary  effect  caused  by 
cell  cycle  arrest  at  G()-G,  phases  after  UV  irradiation,  we  examined 
the  effects  of  UV  treatment  on  cell  cycle  progression.  As  shown  in 
Fig.  1 B  using  MCF-10A  and  U2-OS  cells  as  examples,  the  BRCA2 
protein  down-regulation  by  UV  irradiation  did  not  correlate  with  cell 
cycle  alteration  based  on  fluorescence-activated  flow  cytometry 
(FACS).  Thus,  the  down-regulation  of  BRCA2  by  UV  treatment 
cannot  be  attributed  to  the  effects  of  UV  irradiation  on  cell  cycle 
progression. 


Tabic  1 

The  p53  status  of  cell  lines  used  in 

this  work 

Cell  line 

Origin 

p53  status 

MCF-10A 

Breast  epithelium 

Wild-type 

U-2  OS 

Osteosarcoma 

Wild-type 

MDA-MB-435 

Breast  cancer 

Mutant 

MDA-MB-231 

Breast  cancer 

Mutant 

SKOV3-ipl 

Ovarian  cancer 

Null 

CAPAN-1 

Pancreatic  cancer 

Mutant 

A431 

Epidermoid  cancer 

Mutant 

MDA-MB-231  U-2  OS 

Fig.  1.  UV-mediated  down-regulation  of  BRCA2  protein.  A,  human  cell  lines  were 
irradiated  with  different  doses  of  UV  {Lane  I,  no  treatment;  Lane  2,  6  J/m2;  Lane  3,  12 
J/m2;  Lane  4,  24  J/m2;  Lane  5,  32  J/m2;  Lane  6,  42  J/m2).  Cell  lysates  were  prepared  12  h 
after  the  UV  treatment,  and  proteins  were  detected  by  immunoblotting.  a-Actin  was  used 
as  a  control  for  equal  loading  of  protein.  The  BRCA2  protein  in  CAPAN-1  cells  is  a 
COOH-terminal  truncated  mutant  (7).  B,  UV  effects  of  the  cell  cycle.  Cell  cycle  progres¬ 
sion  of  MCF-10A  and  U2-OS  in  A  was  determined  by  FACS  analysis  12  h  after  UV 
treatment.  The  percentage  of  cells  in  each  cell  cycle  phase  is  shown.  C,  rapid  BRCA2 
down-regulation  induced  by  UV.  MDA-MB-231  and  U-2  OS  cells  were  treated  with  24 
J/m2  of  UV  and  incubated  for  different  times  (h)  as  indicated  before  the  cells  were  lysed. 
NT,  no  treatment. 

Requirement  of  Protein  Synthesis  of  UV-mediated  Depletion  of 
BRCA2  and  BRCAI.  To  further  address  the  mechanism  of  the 
UV-induced  BRCA2  down-regulation,  we  determine  the  kinetics  of 
BRCA2  depletion  in  response  to  UV  irradiation  (Fig.  1C).  UV- 
mediated  down-regulation  of  BRCA2  protein  occurred  within  4  h 
after  UV  irradiation  in  U-2  OS  and  MDA-MB-23 1  cells. 

The  rapid  depletion  prompted  us  to  test  whether  protein  degradation 
contributed  to  the  UV-mediated  BRCA2  down-regulation  by  blocking 
protein  synthesis  with  the  protein  translation  inhibitor  cycloheximide. 
To  our  surprise,  cycloheximide  treatment  of  U-2  OS  cells  actually 
prevented  BRCA2  depletion  within  9.5  h  of  incubation  after  UV 
irradiation,  suggesting  the  involvement  of  protein  synthesis  in  the 
down-regulation  process  (Fig.  2A).  However,  in  U-2  OS  cells,  the 
inhibitory  effect  of  cycloheximide  was  relieved  after  prolonged  incu¬ 
bation  (15  h;  Fig.  2 Q.  On  the  other  hand,  BRCA2  depletion  by  UV 
irradiation  in  MDA-MB-231  cells  remained  blocked  by  cyclohexi¬ 
mide,  even  after  prolonged  incubation  (17  h;  Fig.  2,  B  and  D ).  In  this 
experiment,  the  inhibition  of  protein  neosynthesis  was  confirmed  by 
the  lack  of  p53  induction  by  UV  in  cycloheximide-treated  U-2  OS 
cells  (8).  In  both  cell  lines  tested,  UV  treatment  also  caused  down- 
regulation  of  BRCAI  protein  accompanied  with  a  slower  migration  of 
the  BRCAI  protein,  which  likely  resulted  from  protein  phosphoryla¬ 
tion  induced  by  UV,  as  reported  previously  (12,  13).  Interestingly, 
although  cycloheximide  treatment  could  not  block  UV-mediated 
BRCAI  down-regulation  in  U-2  OS  cells,  cycloheximide  completely 
blocked  BRCAI  protein  depletion  by  UV  irradiation  in  MDA-MB- 
231  cells  (Fig.  2). 

To  circumvent  the  unexpected  effect  of  cycloheximide,  a  pulse- 
chase  experiment  was  performed.  MDA-MB-231  cells  were  metabol- 
ically  pulse  labeled  with  [35S]methionine  for  newly  synthesized  pro¬ 
tein  before  being  irradiated  with  UV.  The  BRCA2  protein  level  was 
monitored  at  different  chasing  time  points  after  UV  irradiation  by 
immunoprecipitation  with  an  anti-BRCA2  antibody  (Fig.  2 E).  There 
was  a  clear  reduction  in  the  BRCA2  protein  level  by  2  h  after  UV 
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Fig.  2.  BRCA2  protein  depletion  caused  by  UV  irradiation  requires  protein  synthesis. 
U-2  OS  (A  and  C)  and  MDA-MB-231  ( B  and  D )  cells,  treated  or  not  treated  with  50  /am 
of  cycloheximide  (CHX),  were  irradiated  with  UV  (24  J/m2)  and  incubated  for  different 
periods  of  lime  as  indicated  (A  and  B,  9.5  h;  C  and  D,  15  h).  Proteins  were  detected  by 
immunoblotting.  The  levels  of  BRCA2  were  quantified  using  the  NIH  Image  program  and 
shown  as  columns.  The  BRCA2  level  in  cells  without  treating  with  UV  was  set  as  1.  E, 
UV  irradiation  causes  BRCA2  protein  degradation.  MDA-MB-231  cells  were  pulse 
labeled  with  [35S]methionine  (1  mCi/ml)  for  2  h,  irradiated  with  42  J/m2  of  UV,  then 
incubated  in  the  absence  of  [35S]methioninc  for  different  periods  of  time  before  being 
lysed.  BRCA2  protein  was  immunoprccipitated  and  detected  by  autoradiography.  The 
intensities  of  the  BRCA2  protein  signals  were  measured  using  Phosphorimage  as  shown 
by  the  columns.  The  BRCA2  level  of  the  sample  irradiated  with  UV  and  incubated  for  4  h 
before  lysis  was  set  as  1.  Lane  I,  the  pulse-labeled  cells  were  lysed  immediately  after 
labeling:  Lane  2,  labeled  cells  were  incubated  for  4  h  after  labeling  without  UV  irradia¬ 
tion;  Lane  3,  labeled  cells  were  incubated  for  2  h,  irradiated,  and  further  incubated  for 
another  2  h;  Lane  4,  labeled  cells  were  irradiated  with  UV  right  after  labeling  and 
incubated  for  4  h  before  lysis;  Lane  5,  same  as  Lane  2  but  used  mouse  plus  rabbit  IgG  for 
immunoprecipitation.  NS.  non-specific. 


irradiation.  The  result  strongly  suggests  that  UV  irradiation  causes 
BRCA2  protein  degradation. 

BRCA2  Protein  Depletion  by  UV  through  a  Novel  Pathway. 

Although  the  regulation  of  BRCA2  RNA  level  by  UV  has  been 
reported,  the  regulation  of  BRCA2  protein  by  UV  irradiation  has  not 
been  addressed  (12,  14).  The  ubiquitin-proteosome  pathway  is  an 
important  mechanism  to  modulate  protein  stability.  To  determine 
whether  the  proteosome  pathway  is  involved  in  UV-mediated  BRCA2 
depletion,  three  proteosome  inhibitors,  MG  132,  MG  115,  and  ALLN 

(15) ,  were  used  to  treat  U-2  OS  cells  upon  UV  irradiation.  Although 
treatment  with  these  inhibitors  resulted  in  a  significantly  greater  level 
of  p53,  which  is  controlled  by  ubiquitin-mediated  protein  depletion 

(16) ,  these  three  inhibitors  did  not  inhibit  BRCA2  depletion  induced 
by  UV  (Fig.  3 A). 

We  also  investigated  the  potential  involvement  of  other  proteases  in 
the  UV-induced  BRCA2  depletion.  p53  is  also  known  to  be  a  target  of 
calpain-mediated  proteolysis  (17).  Treatment  with  the  calpain  inhib¬ 
itor  ALLN  (18)  stabilized  p53  but  did  not  inhibit  BRCA2  depletion 
induced  by  UV.  The  involvement  of  CPP32/caspase-3-like  protease  in 
UV-induced  BRCA2  down-regulation  has  also  been  excluded  because 
treatment  with  z-VAD-fmk,  a  broad-spectrum  caspase  inhibitor  (19), 
failed  to  affect  the  stability  of  BRCA2  after  UV  irradiation  (Fig.  3B). 

It  has  been  shown  that  UV  signaling  can  be  mediated  through  the 
activity  of  tyrosine  kinase  receptors  on  the  cell  membrane  (20,  21). 
The  possibility  of  the  involvement  of  EGFR  in  UV-mediated  BRCA2 
down-regulation  was  investigated  using  the  human  epidermoid  carci¬ 
noma  cell  line  A431.  A431  cells  overexpress  EGFR  (22)  and  harbor 
mutated  endogenous  p53  (23).  Treatment  of  cells  with  the  tyrosine 
kinase  receptor  inhibitor  genistein  inhibited  EGFR  activity,  as  indi¬ 


cated  by  the  decrease  of  tyrosine  phosphorylation  of  EGFR,  but  had 
no  effect  on  the  UV-mediated  BRCA2  depletion  (Fig.  3C).  In  addi¬ 
tion,  treatment  with  TNF-a,  a  cytokine  that  acts  in  a  synergistic 
manner  with  UV  in  stress  signaling  (24),  did  not  result  in  BRCA2 
depletion  (Fig.  3D).  These  results  suggest  that  UV-mediated  BRCA2 
protein  depletion  occur  through  a  novel  mechanism. 

BRCA2  and  UV  Protection.  Because  UV  irradiation  caused 
BRCA2  down-regulation,  we  tested  whether  forced  expression  of 
BRCA2  could  protect  cells  from  UV-mediated  cell  killing  using  a 
clonogenic  assay  and  a  luciferase  reporter  assay.  293  cells,  whose 
endogenous  BRCA2  decreased  upon  UV  irradiation  similar  to  other 
cell  lines  examined  (Fig.  4 B),  were  transfected  with  a  plasmid  ex¬ 
pressing  either  wild-type  or  ml  mutant  BRCA2  cDNA  and  then 
irradiated  with  UV.  UV-treated  cells  were  cultured  for  a  few  weeks, 
and  surviving  colonies  were  counted.  There  were  about  twice  as  many 
surviving  colonies  from  cells  transfected  with  the  wild-type  BRCA2- 
expressing  plasmid  than  from  cells  transfected  with  the  ml  BRCA2 
mutant  expressing  plasmid  (Fig.  4C). 

A  luciferase  expression  assay  was  also  used  to  test  the  UV  protec¬ 
tion  function  of  BRCA2.  293  cells  were  transfected  with  a  luciferase 
reporter  plasmid  together  with  a  plasmid  expressing  either  the  wild- 
type  or  the  ml  mutant  BRCA2  cDNA.  Transfected  cells  were  treated 
with  UV  and  cultured  for  ~  10  days.  Luciferase  activity  expressed  in 
these  cells  was  measured  and  used  as  an  indicator  for  cell  survival. 
Consistent  with  the  result  of  the  clonogenic  experiment,  there  were 
more  surviving  cells  in  cells  transfected  with  wild-type  BRCA2- 
expressing  plasmid  than  in  those  transfected  with  ml  mutant  BRCA2- 
expressing  plasmid  (Fig.  4D).  These  results  showed  that  increased 
expression  of  wild-type  BRCA2  protected  cells  from  UV-induced  cell 
killing. 
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Fig.  3.  UV-induced  BRCA2  protein  depletion  via  a  proteosome-independenl,  calpain- 
independent,  and  TNF-a-independent  pathway.  A,  U-2  OS  cells  were  first  treated  with 
proteosome  inhibitor  MG  1 32  (5  jam),  MG115  (25  /am),  or  calpain  inhibitor  ALLN  (10 
/am),  or  with  DMSO  as  the  solvent  control  for  30  min.  Cells  were  then  mock  irradiated  or 
irradiated  with  24  J/m2  of  UV.  Cell  lysates  were  prepared  after  incubation  for  4  h  in  the 
presence  of  the  inhibitors,  and  the  indicated  proteins  were  delected  by  immunoblotting. 
The  retinoblastoma  protein  (RB)  was  used  as  an  equal  loading  control.  The  accumulation 
of  p53,  which  is  subject  to  proteosome-  and  calpain-mediated  depletion,  in  mock  UV- 
inadiated  cells  demonstrated  the  effectiveness  of  inhibitor  treatments.  B,  U-2  OS  cells 
were  treated  with  the  calpain  and  caspase  3  inhibitor  z-VAD  (40  /am),  and  the  level  of 
BRCA2  protein  was  determined  by  immunoblotting  as  in  A.  The  level  of  PARP  was  lower 
after  UV  irradiation  because  of  cleavage  by  caspase-3.  PARP  cleavage  by  caspase-3  was 
inhibited  in  the  presence  of  z-VAD-fmk.  C,  A431  cells,  which  overexpress  EGFR,  were 
treated  (+  gen)  or  not  treated  (-  gen)  with  genistein  (20  ng/ml)  for  14  h  in  medium 
containing  5%  serum.  The  cells  were  then  irradiated  with  UV  (24  J/m2)  and  incubated  for 
6  h  before  lysis.  Cell  lysates  were  then  prepared,  and  proteins  were  detected  by  immu¬ 
noblotting.  EGFR-p  was  activated,  therefore  tyrosine  phosphorylated,  EGFR.  D,  the  breast 
cancer  cell  line  MDA-MB-231  was  treated  with  TNF-a  (10  ng/ml)  for  5,  9,  or  24  h,  and 
the  level  of  BRCA2  protein  was  determined  by  immunoblotting.  Concomitant  depletion 
of  IkB  by  TNF-a  as  reported  previously  (27)  was  shown.  NT,  no  treatment. 
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Fig.  4.  Inhibition  of  cell  death  from  UV  irradiation  by  BRCA2  expression.  A,  expres¬ 
sion  of  the  BRCA2  protein  from  the  expression  plasmids  was  confirmed  after  transient 
transfection.  Mouse  NIH3T3  cells  were  used  for  the  transfection  because  the  BRCA2 
antibody  used  did  not  detect  mouse  Brca2  in  immunoblotting  (7).  Lane  1,  NIH3T3  cells 
transfected  with  wild-type  BRCA2  expression  plasmid;  Lane  2,  NIH3T3  cells  transfected 
with  an  empty  expression  plasmid;  Lane  3,  lysate  of  U-2  OS  cells  used  as  a  positive 
control,  fi  BRCA2  protein  in  293  cells  is  also  down-regulated  by  UV  irradiation.  The  p65 
subunit  of  NF-kB  was  shown  as  equal  loading  control.  C,  293  cells  were  transfected  by 
a  plasmid  encoding  either  wild-type  ( WT)  or  mutant  (ml)  BRCA2.  Transfected  cells  were 
allowed  to  recover  for  24  h.  Cells  (1  X  10s)  were  then  plated  on  each  dish  and  subjected 
to  UV  irradiation.  The  colonics  that  survived  after  incubation  were  then  stained  and 
counted,  and  the  relative  colony  numbers  were  determined.  The  average  of  four  inde¬ 
pendent  experiments  is  shown.  D,  293  cells  were  cotransfected  with  a  plasmid  encoding 
either  wild-type  (W73  or  mutant  </»/)  BRCA2  and  a  plasmid  carrying  the  luciferase  gene 
under  the  control  of  the  CMV  promoter.  A  plasmid  carrying  the  /3-galactosidase  gene 
under  the  control  of  the  o-actin  promoter  was  also  included  for  normalizing  transfection 
efficiencies.  The  transfected  293  cells  were  subjected  to  UV  irradiation  and  maintained  in 
cell  cultures  for  at  least  I  week  until  the  surviving  colonies  formed,  and  the  luciferase 
activity  was  then  measured.  The  percentage  of  protection  (treated/untreated)  was  deter¬ 
mined  and  compared  between  the  two  BRCA2  constructs.  The  average  of  four  independ¬ 
ent  experiments  is  shown;  bars,  SD. 


Discussion 

We  showed  in  this  report  that  BRCA2  protein  level  was  reduced 
within  4  h  after  cells  were  irradiated  with  UV.  The  rapid  depletion  of 
BRCA2  suggests  that  the  down-regulation  of  BRCA2  was  not  the 
result  of  UV-induced  cell  cycle  arrest.  This  suggestion  was  also 
supported  by  our  observation  that  the  down-regulation  of  BRCA2 
protein  did  not  correlate  with  the  cell  cycle  alteration  after  UV 
irradiation.  UV  irradiation  has  been  shown  to  down-regulate  the 
BRCA2  mRNA  level  (12,  14).  The  rapid  reduction  of  BRCA2  protein 
level  after  UV  irradiation  indicates  that  the  reduction  of  BRCA2 
protein  is  not  simply  the  consequence  of  the  reduction  of  BRCA2 
mRNA  level. 

It  has  been  reported  that  the  BRCA1  and  BRCA2  mRNAs  were 
reduced  in  cells  treated  with  Adriamycin  and  UV  in  a  p53-dependent 
manner  (14).  It  also  has  been  reported  that  BRCA1  expression  was 
reduced  in  response  to  Adriamycin  and  mitomycin  C  in  the  presence 
of  wild-type  p53  (25).  However,  our  results  clearly  show  that  both 
BRCA2  and  BRCA1  protein  levels  were  decreased  by  UV  irradiation, 
regardless  of  the  p53  status  of  cells  investigated.  Consistently,  the 
COOH-terminal  region  of  BRCA2,  which  binds  to  p53  and  modulates 
its  transcriptional  function  (11),  was  not  required  for  the  UV-mediated 
depletion  of  BRCA2.  The  COOH  terminus-truncated  BRCA2  protein 
in  CAPAN-1  cells  was  degraded  by  UV  similar  to  wild-type  BRCA2 
in  other  cell  lines. 

The  depletion  of  BRCA2  protein  by  UV  irradiation  appeared  to 
require  protein  synthesis,  because  the  protein  synthesis  inhibitor  cy- 
cloheximide  blocked  this  process.  It  is  possible  that  UV  irradiation 
induces  the  expression  qf  a  short-lived  factor(s)  that  is  critical  for  the 
degradation  of  BRCA2.  Identification  of  such  factor(s)  would  be  a 
significant  step  in  understanding  BRCA2  regulation  mechanism  under 
genotoxic  stresses.  Extended  incubation  overcame  the  cycloheximide 
inhibition  and  resulted  in  further  BRCA2  protein  depletion  in  the 
absence  of  protein  synthesis  (Fig.  2C).  This  result  indicates  that 
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protein  degradation  contributes  to  the  UV-mediated  BRCA2  deple¬ 
tion,  which  is  also  supported  by  the  result  of  the  pulse-chase  experi¬ 
ment  (Fig.  2 E).  It  is  worth  mentioning  that  cycloheximide  blocked 
BRCA1  protein  depletion  by  UV  irradiation  in  MDA-MB-231  but  not 
in  U-2  OS  cells,  indicating  that  UV  may  modulate  BRCA2  and 
BRCA1  protein  levels  through  different  mechanisms  in  different  cell 
types. 

Our  results  strongly  suggest  that  down-regulation  of  BRCA2  in 
UV-irradiated  cells  is  mediated  by  a  new  mechanism.  It  does  not  rely 
on  the  function  of  the  proteosome  and  calpain  systems,  which  are  the 
most  common  biological  mechanisms  for  protein  depletion.  Inhibitors 
for  proteosome  (MG  132,  MG1 15,  and  ALLN)  and  caspase  (z-VAD- 
fmk)  did  not  prevent  UV-induced  BRCA2  down-regulation.  Calpain 
inhibitors  ALLN  (15)  and  z-VAD-fmk  (19)  also  did  not  inhibit  this 
process.  Because  calpain  is  necessary  for  the  degradation  of  IkB  for 
the  induction  of  NF-kB  in  UV-irradiated  cells  (26),  our  result  suggests 
that  NF-kB  does  not  participate  in  the  UV-induced  BRCA2  down- 
regulation.  Activation  of  the  signaling  pathway  of  TNF-a  receptor, 
which  has  been  shown  to  contribute  to  UV-induced  apoptosis  (24),  did 
not  result  in  significant  BRCA2  down-regulation,  suggesting  that  the 
TNF-a  pathway  is  not  involved  in  this  process.  Similarly,  the  UV- 
mediated  down-regulation  of  BRCA2  does  not  depend  on  signaling 
through  EGFR,  which  has  been  shown  as  a  target  of  UV  signaling 
(21).  Additional  studies  are  necessary  to  further  understand  in  detail 
the  mechanism(s)  for  UV-mediated  BRCA2  and  BRCA1  down- 
regulation. 

A  role  of  BRCA2  in  the  repair  of  UV-induced  DNA  damage  has 
been  hypothesized.  Our  results  that  ectopic  expression  of  wild-type 
BRCA2  protected  cells  from  UV-induced  cell  killing  support  this 
hypothesis.  It  is  therefore  surprising  that  the  BRCA2  level  decreased 
in  cells  irradiated  with  UV.  However,  the  BRCA2  level  was  reduced 
not  completely  diminished.  The  amount  of  remaining  BRCA2  may 
still  provide  protection  to  cells.  This  is  consistent  with  the  fact  that 
homozygous  Brca2  mutant  cells,  which  do  not  have  any  functional 
Brca2 ,  are  more  sensitive  to  UV  than  the  wild-type  or  heterozygous 
Brca2  mutant  cells  (9).  One  possible  consequence  of  the  reduced 
BRCA2  level  in  UV-irradiated  cells  could  be  to  render  cells  that 
sustain  extensive  DNA  damage  to  cell  death  rather  than  to  be  trans¬ 
formed  because  of  their  carrying  mutated  DNA.  Further  investigations 
will  be  necessary  to  better  understand  the  role  of  BRCA2  in  UV- 
induced  stress  responses. 
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Epidermal  growth  factor  receptor  (EGFR)  has  been  detected  in  the  nucleus  in  many  tissues  and  cell  lines.  However, 
the  potential  functions  of  nuclear  EGFR  have  largely  been  overlooked.  Here  we  demonstrate  that  nuclear  EGFR  is 
strongly  correlated  with  highly  proliferating  activities  of  tissues.  When  EGFR  was  fused  to  the  GAL4  DNA-binding 
domain,  we  found  that  the  carboxy  terminus  of  EGFR  contained  a  strong  transactivation  domain.  Moreover,  the 
receptor  complex  bound  and  activated  AT-rich  consensus-sequence-dependent  transcription,  including  the  consen¬ 
sus  site  in  cyclin  D1  promoter.  By  using  chromatin  immunoprecipitation  assays,  we  further  demonstrated  that 
nuclear  EGFR  associated  with  promoter  region  of  cyclin  D1  in  vivo.  EGFR  might  therefore  function  as  a  transcription 
factor  to  activate  genes  required  for  highly  proliferating  activities. 


Epidermal  growth  factor  receptor  (EGFR)  is  a  transmembrane 
glycoprotein  that  possesses  intrinsic  tyrosine  kinase  activity1. 
Studies  on  EGFR  have  been  focused  mainly  on  the  conven¬ 
tional  signal  transduction  pathways  such  as  mitogen-activated  pro¬ 
tein  kinase2,  phospholipase  C-y  (ref.  3)  and  phosphatidylinositol-3- 
OH  kinase4.  However,  it  has  long  been  known  that  many  functions 
of  EGFR,  such  as  EGF-induced  DNA  synthesis  and  its  mitogenic 
effect,  require  other  mechanisms  besides  those  early  transient 
responses5-7.  In  addition,  Wakshull  and  Wharton8  have  reported 
that  stabilized  complexes  of  EGF-EGFR  on  the  cell  surface  were  not 
able  to  induce  DNA  synthesis  although  the  transient  responses 
were  activated.  It  is  evident  that  a  critical  activity  of  EGFR  sig¬ 
nalling  is  still  missing  from  the  current  model. 

For  years,  EGFR  and  its  ligands  have  repeatedly  been  observed 
in  the  nucleus,  for  example  in  cell  lines,  in  human  placenta,  in 
regenerating  liver9  and  in  many  different  cancer  types113"13.  Yet  the 
function  of  nuclear  EGFR  is  far  from  clear.  Here  we  demonstrate 
that  the  nuclear  localization  of  EGFR  is  correlated  with  the  highly 
proliferative  status  of  tissues.  In  addition,  we  provide  evidence  to 
support  the  potential  roles  of  nuclear  EGFR  as  a  transcription  fac¬ 
tor  or  coactivator,  which  might  activate  the  genes  required  for  its 
mitogenic  effects,  such  as  the  gene  that  encodes  cyclin  Dl.  Our 
studies  might  contribute  to  uncovering  the  crucial  activity  of  EGFR 
that  the  whole  scheme  has  lacked  for  decades. 


Results 

Nuclear  EGFR  in  highly  proliferative  tissues.  The  localization  of 
EGFR  in  the  nucleus  has  been  demonstrated  by  many  different 
groups  in  a  variety  of  systems9-13.  After  careful  analysis  of  those 
studies,  we  found  a  common  feature  in  their  results  that  demon¬ 
strated  a  strong  correlation  between  nuclear  EGFR  and  the  highly 
proliferating  status  of  tissues.  To  address  this  issue  further,  we 
examined  EGFR  expression  in  Five  different  tissues  with  these  fea¬ 
tures,  including  uterus  from  pregnant  mice,  mouse  embryos,  nor¬ 
mal  human  mouth  mucosa  and  human  cancer  tissues.  Fig.  1A  (top 
left)  shows  the  immunostaining  of  EGFR  on  the  uterus  taken  from 


a  C3H-hen  mouse  on  day  6  of  pregnancy.  The  expression  of  EGFR 
was  high  and  many  of  the  cells  showed  the  strong  nuclear  staining 
of  the  receptor.  In  contrast,  EGFR  was  weakly  expressed  in  the 
uterus  from  non-pregnant  mice,  in  which  almost  none  of  the  cells 
showed  the  significant  nuclear  staining  (Fig.  1A,  top  right).  The 
results  of  three  control  experiments  shown  in  Fig.  1A  (bottom) 
confirmed  the  specificity  of  the  EGFR  signal.  We  also  observed 
heavy  staining  of  nuclear  EGFR  in  a  10-day-old  mouse  embryo, 
which  is  another  example  of  highly  proliferating  tissues  (data  not 
shown).  Next,  we  stained  the  samples  from  human  normal  oral 
mucosa,  which  contains  both  highly  proliferating  basal  cells  and 
fully  differentiated  non-growing  squamous  cells.  We  detected 
EGFR  staining  only  in  the  nuclei  of  the  basal  cells,  as  shown  in  Fig. 
IB  (top).  We  stained  the  same  tissue  with  Ki  67  antibody  to  confirm 
the  correlation  between  nuclear  receptor  expression  and  the  prolif¬ 
erating  status  of  tissue  (13.8%  Ki  67-positive  for  basal  cells,  against 
0.4%  Ki  67-positive  for  fully  differentiated  cells)  (data  not  shown). 
Finally,  we  examined  samples  of  human  cancer  tissue,  which  is  an 
important  pathological  example  with  highly  proliferating  activities. 
Although  the  membrane  staining  of  EGFR  was  readily  detectable 
(Fig.  1C,  bottom  right),  we  observed  EGFR  clearly  localized  in  the 
nuclei  in  both  the  oral  cancer  sample  (Fig.  1C,  top)  and  the  breast 
cancer  sample  (data  not  shown).  The  similar  nuclear  staining  of 
EGFR  was  also  clearly  detected  by  using  another  anti-EGFR  anti¬ 
body  (EGF-R  Abl;  Oncogene  Science)  against  a  different  epitope, 
which  confirmed  the  specificity  of  the  detected  signals  (data  not 
shown).  Thus,  in  five  different  tissues  with  highly  proliferating  cells 
in  vivo ,  we  observed  clear  nuclear  EGFR  staining  with  different  anti- 
EGFR  antibodies.  Our  data  therefore  strongly  supported  the  corre¬ 
lation  between  nuclear  EGFR  and  tissues  with  high  proliferation. 
Nuclear  EGFR  in  cell  lines  cultured  in  vitro .  In  addition  to  the 
tissue  samples,  we  examined  EGFR-overexpressing  cell  lines  for 
the  presence  of  nuclear  EGFR.  Because  most  EGFR  is  expressed 
on  the  cell  surface  in  cell  culture,  which  in  turn  might  mask  a 
weak  EGFR  signal  in  the  nucleus,  we  performed  confocal 
microscopy  to  ensure  the  accuracy  of  the  localization  images.  As 
shown  in  Fig.  ID,  two  EGFR  overexpressors,  A431  (top  panels) 
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Figure  1  Immunohistochemical  staining  of  different  tissues  for  EGFR.  A, 

Uterus  from  a  pregnant  mouse  (top  left)  and  a  non-pregnant  mouse  (top  right).  The 
bottom  panels  show  control  experiments:  10  x  EGFR  competitive  peptide  was 
added  (bottom  left);  PBS  was  used  instead  of  primary  antibody  (bottom  middle), 
and  468-cell-derived  tumours  were  used  as  a  positive  staining  control  (bottom 
right).  B,  Normal  human  mouth  mucosa,  magnified  xlOO  (top  left)  and  x200  (top 
right).  The  bottom  panels  show  the  respective  negative  controls  using  antibody  with 
10  x  competitive  peptide  (bottom  left)  or  PBS  instead  of  primary  antibody  (bottom 


right).  C,  Human  oral  cancer  sample,  magnified  x400  (top).  The  bottom  panels 
show  negative  and  positive  controls  as  described  for  A.  D,  Cell  lines  immunos- 
tained  with  anti-EGFR  antibody  and  analysed  by  confocal  microscopy.  The  yellow 
signals  indicate  the  localization  of  EGFR  in  the  nucleus,  a,  j,  Fluorescein  isothio¬ 
cyanate  (FITO-conju gated  pre-immune  serum  as  a  negative  control;  b,  k,  propidium 
staining;  cr  superimposition  of  a  and  b;  I,  superimposition  of  j  and  k;  d,  g,  FITC- 
conjugated  anti-EGFR  antibody;  e,  h,  propidium  iodide  staining;  f,  superimposition 
of  d  and  e;  i,  superimposition  of  g  and  h. 


and  MDA-MB-468  (bottom  panels)  were  immunostained  with 
anti-EGFR  antibody  (EGFR  (1005)-G;  Santa  Cruz).  Cells  were 
double-labelled  by  fluorescein  isothiocyanate  (FITC)-conjugated 
anti-EGFR  antibody  (Fig.  lDg)  to  localize  EGFR  (green  signal) 
and  by  propidium  iodide  to  localize  nuclei  (Fig.  lDe,  Dh;  red  sig¬ 
nal).  When  two  images  were  merged,  we  found  a  significant  por¬ 
tion  of  EGFR  localized  in  the  nucleus  (Fig.  1  Df,  Di;  yellow  signal). 
The  same  procedure  was  also  performed  by  using  FITC-conjugat- 
ed  preimmune  serum  as  a  negative  control  (Fig.  IDa,  Dj).  Nuclear 
staining  was  readily  detectable  by  propidium  iodide  (Fig.  lDb, 
Dk),  but  no  yellow  signal  was  detectable  when  two  images  were 
merged  (Fig.  IDe,  Dl),  ensuring  the  specificity  of  the  nuclear 
EGFR  detected  in  Fig.  lDf,  Di.  We  consider  the  EGFR  signal 
observed  to  be  specific  because  nuclear  EGFR  was  also  detected 
when  two  other  antibodies  recognizing  different  epitopes  were 
used  (EGF-R  Ab-1  (Oncogene  Science)  and  EGFR  Ab-3 
(NeoMarkers);  data  not  shown). 

To  confirm  the  presence  of  EGFR  in  the  nuclear  fraction  and  to 
determine  the  phosphorylation  status  of  the  nuclear  receptor,  we 
next  subjected  nuclear  extracts  from  A431  and  MDA-MB-468 
cells  to  immunoprecipitation  with  anti-EGFR  antibody  followed 
by  immunoblotting  with  either  anti-phosphotyrosine  antibody 
(Fig.  2A,  top)  or  anti-EGFR  antibody  (Fig.  2A,  bottom).  We 
found  that  nuclear  EGFR  levels  increased  on  treatment  with  EGF 
and  that  EGFR  that  accumulated  in  the  nucleus  was  highly  tyro- 
sine-phosphorylated.  Similar  results  were  also  obtained  when 


cells  were  treated  with  another  ligand  for  EGFR,  transforming 
growth  factor-a  (data  not  shown). 

To  rule  out  the  possibility  that  the  signal  seen  in  the  nuclear 
extracts  was  due  to  contamination,  the  nuclei  from  unstimulated 
and  EGF-stimulated  MDA-MB-468  cells  (N~  and  N+,  respectively) 
were  mixed  with  the  non-nuclear  fraction  from  unstimulated  cells 
(S~)  or  cells  stimulated  with  EGF  for  30  min  (S+).  The  nuclei  were 
then  again  separated  from  the  non-nuclear  fraction  and  washed 
extensively,  and  the  nuclear  extract  was  then  analysed  by 
immunoblotting  with  anti-phosphotyrosine  antibody.  In  this  way 
we  demonstrated  that  even  if  the  non-nuclear  fraction  of  the  EGF- 
activated  cell  lysate  was  mixed  and  incubated  for  30  min  with 
nuclei  from  the  untreated  cells,  the  EGFR  in  that  fraction  did  not 
diffuse  into  or  contaminate  the  nuclear  fraction  (Fig.  2B,  lane  5). 
We  therefore  concluded  that  the  nuclear  EGFR  that  we  detected  was 
not  due  to  passive  contamination  of  the  nuclear  fraction  by  EGFR 
from  the  plasma  membrane  or  cytoplasm.  This  experiment  also 
demonstrated  that  the  cell-surface  and  cytoplasmic  EGFR  did  not 
passively  pass  into  the  nuclei  but  indicated  the  existence  of  a  spe¬ 
cific  pathway  for  transporting  the  receptor  into  the  nuclei.  This 
pathway  was  evidently  not  intact  when  the  cells  were  disrupted 
because  of  the  failure  of  the  isolated  nuclei  to  take  up  EGFR  from 
the  non-nuclear  fraction. 

Nuclear  EGFR  can  be  from  the  cell  surface.  Having  established  a 
putative  pathway  for  the  nuclear  import  of  EGFR,  we  sought  to 
determine  how  fast  this  translocation  occurred  and  where  the 
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Figure  2  Detection  of  EGFR  in  the  nuclear  fractions  of  A431  and  MDA-MB- 
468  cells,  a,  The  nuclear  (80  Mg)  and  non-nuclear  (20  Mg)  fractions  from  cells 
treated  with  (+)  or  without  (-)  EGF  were  subjected  to  immunoprecipitation  with  mon¬ 
oclonal  antibody  against  human  EGFR  or  c-Myc  (control)  and  then  blotted  with  anfr 
phosphotyrosine  (PY20)  antibody  (top)  or  with  sheep  anti-human  EGFR  antibody 
(bottom).  br  Nuclei  were  prepared  from  unstimulated  and  EGF-stimulated  MDA-MB- 
468  cells  (N  and  N\  respectively)  and  then  mixed  with  the  non-nuclear  fraction 
from  the  cells  stimulated  with  EGF  for  30  min  (S*).  The  nuclei  were  then  separated 
from  the  S*  fraction,  and  the  nuclear  extract  was  isolated  and  analysed  by 
immunoblotting  with  anti-phosphotyrosine  (PY20)  antibody. 
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nuclear  EGFR  came  from.  To  determine  the  kinetics  of  the  translo¬ 
cation,  we  incubated  A431  cells  with  EGF  for  1-30  min.  Fig.  3a 
(top)  shows  that  phosphorylated  nuclear  EGFR  was  detected  as 
early  as  1  min  after  treatment  with  EGF,  with  the  peak  detected  at 
about  15-30  min.  This  rapid  translocation  was  also  seen  in  MDA- 
MB-468  cells  (data  not  shown).  However,  when  cells  were  treated 
with  EGF  for  1  min  and  the  warm  medium  was  replaced  with  cold 
medium  to  stop  membrane  trafficking,  the  translocation  of  the 
receptor  was  abolished  even  though  cells  were  continuously  incu¬ 
bated  in  the  medium  with  the  same  concentration  of  ligand  (Fig. 
3a,  top;  lanes  6  and  7). 

In  contrast,  the  level  of  phosphorylated  EGFR  in  the  non¬ 
nuclear  fraction  remained  the  same  in  this  time  period  (Fig.  3a, 
middle).  In  addition,  stopping  the  membrane  trafficking  did  not 
affect  the  EGFR  phosphorylation  in  the  non-nuclear  fraction  (Fig. 
3a,  middle;  lanes  6  and  7).  These  results  not  only  confirmed  that 
the  increase  of  the  phosphorylated  EGFR  in  the  nuclear  extract  was 
not  due  to  contamination  by  the  non-nuclear  fraction,  but  also 
indicated  that  the  nuclear  receptor  might  have  come  from  the  cell 
membrane  (Fig.  3a,  bottom). 

To  further  confirm  this  possibility,  we  cross-linked  l25I-labelled 
EGF  to  EGFR  on  the  cell  surface  of  MDA-MB-468  cells  by  means  of 
the  non-cleavable,  amine-reactive  homobifunctional  cross-linker 
disuccinimidyl  suberate  (DSS)14  (Fig.  3b,  top)  or  a  non-cleavable, 
membrane-impermeable  cross-linking  reagent,  bis(sulphosuccin- 
imidyl)  suberate  (BSSS)  (Fig.  3b,  bottom).  As  shown  in  Fig.  3b 
(top),  we  detected  a  clear  cross-linked  12T-EGF-EGFR  band  in  the 
nuclear  extract  (lane  2).  This  band  could  be  competed  away  in  the 
presence  of  an  excess  of  unlabelled  EGF  (lane  4),  thus  confirming 
the  specificity  of  the  binding.  The  movement  of  the  l2T-EGF-EGFR 
complex  was  detected  in  the  nuclear  extract  as  early  as  5  min  after 
cross-linking  (Fig.  3b,  bottom).  Because  BSSS  could  not  pass 
through  the  cell  membrane  alone,  detection  of  the  12T-EGF-EGFR 
complex  supported  the  idea  that  EGFR  was  moving  into  the  nuclei 
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Figure  3  Time-course  study  of  EGFR  nuclear  localization,  a,  A431  cells  were 
stimulated  with  EGF  and  incubated  at  37  °C  for  1-30  min  or  at  37  °C  for  1  min  and 
then  at  4  °C  for  a  further  14  min  (lane  6)  or  29  min  (lane  7).  The  nuclear  extract 
(top)  and  non-nuclear  fraction  (middle)  were  then  subjected  to  western  blotting  with 
anti-EGFR  and  anti-phosphotyrosine  (PY20)  antibodies  or  with  pRB  antibody  as  the 
loading  control.  The  results  were  then  plotted  diagrammatically  as  shown  in  the  bot¬ 
tom  panel.  The  density  of  the  bands  at  zero  time  were  defined  as  1  after  subtrac¬ 
tion  of  the  background  by  using  NIH  Image  software  to  quantify  the  signals,  b, 
Specific  cell-surface  labelling  of  EGFR  by  cross-linking  with  ,25I-EGF.  Top, 
125I-EGF-EGFR  cross-linked  proteins  in  the  non-nuclear  (lane  1)  and  nuclear  (lane  2) 
fractions  revealed  by  autoradiography.  In  the  presence  of  unlabelled  EGF,  the  level 
of  cross-linking  was  decreased  (lanes  3  and  4).  Bottom,  cross-linking  as  described 
above,  except  that  a  norvmembrane-permeable  cross-linker  was  used. 


from  the  cell  surface  after  stimulation  with  EGF. 

A  strong  transactivation  domain  in  EGFR.  Having  confirmed  the 
time-  and  ligand-dependent  nuclear  translocation  of  EGFR,  we 
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Figure  4  Activation  of  gene  expression  by  the  C-terminus  of  EGFR  (PRR 
domain),  a,  The  relative  CAT  activity  of  the  reporter  gene  was  measured  when  dif¬ 
ferent  GAL4-EGFR  expression  constructs  were  co-transfected  into  NIH  3T3  cells.  b, 
Results  of  experiments  similar  to  those  in  a  except  that  other  cell  lines  and  a 
luciferase  reporter  were  used,  c,  Dose-dependent  transactivation  in  NIH  3T3  cells 


next  sought  to  determine  the  receptor’s  biological  function(s)  in 
the  nucleus.  Previous  studies  had  already  shown  that  EGF  and  EGFR 
both  formed  complexes  with  chromatin,  especially  in  transcription¬ 
ally  active  regions15,  thus  indicating  that  EGFR  and  its  ligand  might 
have  roles  in  modulating  gene  expression.  We  therefore  first  tried  to 
determine  whether  any  domain  of  EGFR  exhibited  transactivation 
activity.  By  motif  analysis  we  found  that  the  C-terminus  of  EGFR 
contained  a  proline-rich  sequence,  which  was  a  typical  feature  of  a 
transactivation  domain  for  transcription  factors.  When  we  fused  the 
C-terminus  of  EGFR  (pSEGPRR)  to  the  GAL4  DNA-binding 
domain,  we  found  that  this  chimaeric  construct  strongly  activated 
(up  to  60-fold)  the  transcription  of  a  reporter  gene  containing  five 
GAL4-binding  sites  linked  to  chloramphenicol  transferase  (CAT) 
complementary  DNA  in  NIH  3T3  cells  (Fig.  4a).  In  contrast,  the 
tyrosine  kinase  domain  and  the  whole  cytoplasmic  domain  of  EGFR 
either  did  not  activate  (tyrosine  kinase  domain)  or  only  slightly  acti¬ 
vated  (whole  cytoplasmic  domain)  the  transcription  of  the  reporter. 

The  observed  transactivating  activity  was  evidently  dependent  on 
DNA  binding  because  the  carboxy  terminus  of  EGFR  failed  to  acti¬ 
vate  the  reporter  gene  when  the  GAL4-binding  sites  were  deleted. 
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Figure  5  AT-rich  consensus  sequences  (ATRSs)  identified  by  CASTing.  Top, 
sequences  of  six  identified  clones  with  the  ATRS  marked  in  each;  bottom,  an  EGFR- 
associated  protein  complex  specifically  bound  to  a  DNA  probe  containing  putative 
EGFR-binding  sites. 


This  activity  was  also  evidently  general  rather  than  cell- type- specific 
because  it  occurred  in  all  five  cell  lines  that  we  tested  (Fig.  4b). 
Finally,  this  transactivation  activity  was  dose-dependent.  By  increas¬ 
ing  the  amount  of  expression  vector,  we  observed  a  very  clear  dose- 
dependent  activation  (Fig.  4c). 

The  weaker  transactivation  activity  of  the  whole  cytoplasmic 
domain  suggested  the  presence  of  a  negative  control  activity  in  the 
tyrosine  kinase  domain.  It  is  interesting  to  note  that  the  tyrosine 
kinase  domain  contains  the  negative  regulatory  sites  identified  by 
other  groups  in  the  early  studies16.  It  remains  to  be  determined 
whether  those  negative  sites  are  involved  in  regulating  the  transac¬ 
tivation  activity  of  EGFR  exerted  by  its  C  terminus. 

DNA-binding  site(s)  for  EGFR  complexes.  We  next  sought  to 
determine  whether  EGFR,  as  a  putative  transcription  factor,  could 
bind  to  DNA,  and,  if  it  does,  to  identify  its  DNA-binding  site(s)  by 
the  cyclic  amplification  and  selection  of  targets  (CASTing) 
method17.  In  brief,  cell  lysate  prepared  from  EGF-treated  A431  cells 
as  the  source  of  EGFR  was  incubated  with  an  excess  of  oligonu¬ 
cleotides  containing  a  36-nucleotide  core  of  random  sequences 
flanked  by  two  polymerase  chain  reaction  (PCR)  primers  (see 
Methods).  To  identify  the  EGFR  containing  DNA-binding  com¬ 
plexes,  anti-EGFR  antibody  (Abl2;  NeoMarkers)  was  added  to  the 
reaction  mixture  to  supershift  the  complexes  of  interest.  We 
observed  a  very  faint  band  appearing  after  the  antibody  was  added. 
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Figure  6  Activation  of  ATRS-specrfic  reporter  gene  expression  by  EGF  in 
EGFR-overexpressing  cell  lines,  a,  A431  cells;  b,  MDA-MB-468  cells;  ct  HBL 
100  cells;  d,  CHO  cells.  All  four  lines  were  transfected  with  a  luciferase  vector  con¬ 
taining  four  repeats  of  wild-type  (WT)  or  mutated  (MT)  ATRS  sequences,  with  (+)  or 
without  (-)  EGF  (100  ng  ml-’). 


We  believed  that  the  faint  band  observed  should  have  contained 
EGFR  because  a  supershift  was  detected  only  with  anti-EGFR  anti¬ 
body  but  not  with  the  control  anti-GAL4  antibody  or  mouse 
preimmune  serum  (data  not  shown,  and  see  Fig.  5b).  In  addition, 
the  anti-EGFR  antibody  alone  did  not  bind  to  the  probe  when  the 
cell  lysate  was  left  out  of  the  reaction  mixture.  After  excision  of  the 
band,  we  eluted  and  amplified  the  DNA  by  PCR.  The  same  proce¬ 
dure  was  repeated  for  a  further  three  rounds.  The  final  DNA  prod¬ 
ucts  were  then  subcloned  and  sequenced.  When  we  compared  the 
sequences  from  all  six  clones,  we  identified  an  AT-rich  minimal 
consensus  sequence  (ATRS)  that  appeared  in  all  six  clones,  18  times 
in  total.  We  therefore  considered  this  consensus  sequence  a  putative 
EGFR-associating  sequence  (Fig.  5a). 

Next,  using  one  of  the  cloned  sequences  as  the  probe,  we  per¬ 
formed  gel-retardation  assays  to  confirm  the  specific  association 
between  EGFR  and  our  identified  sequences.  As  expected,  we 
observed  the  specific  binding  of  an  EGFR-containing  complex  to 
the  probe,  which  could  be  competed  away  by  an  excess  of  unlabelled 
wild-type  oligonucleotides  but  not  by  the  oligonucleotides  in  which 
the  consensus  sites  were  mutated  (Fig.  5b).  We  therefore  concluded 
that  the  ATRS  that  we  identified  was  a  true  DNA-binding  site  for  the 
EGFR  complex. 

EGFR-binding-site-dependent  gene  activation.  Next,  we  con¬ 
structed  four  repeats  of  either  the  ATRS  sites  or  the  mutated  sites  in 
a  luciferase  reporter  construct  containing  the  mouse  thymidine 
kinase  gene  ( tk )  minimal  promoter.  When  the  reporter  genes  were 
transfected  into  EGFR-overexpressing  cell  lines  (A431  and  MDA- 
MB-468),  EGF  activated  the  wild- type  reporter  construct  strongly 
but  the  mutant  construct  only  weakly  (Fig.  6a,  b).  In  contrast,  nei¬ 
ther  the  wild-type  nor  the  mutant  reporter  was  activated  by  EGF  in 
the  cells  with  low  levels  of  EGFR  (HBL100)  or  no  EGFR  (Chinese 
hamster  ovary)  (Fig.  6c,  d).  However,  EGFR-dependent  activation 
could  be  restored  in  these  two  cell  lines  upon  the  co-transfection  of 
the  EGFR  expression  vector  (data  not  shown).  Thus,  the  ATRS, 
which  can  bind  to  the  nuclear  EGFR  complex,  responds  to  EGFR- 
dependent  activation,  whereas  the  mutant  ATRS,  which  fails  to 


Figure  7  ATRS-dependent  activation  of  cyclin  D1  promoter  by  EGF,  and 
association  of  EGFR  with  cyclin  D1  promoter  in  vivo,  a,  MDA-MB-468  cells 
were  transfected  with  a  luciferase  vector  containing  the  cyclin  D1  promoter  with 
two  intact  ATRS  or  the  same  promoter  with  the  ATRS  mutated.  After  24  h  of  incu¬ 
bation,  cells  were  treated  with  (+)  or  without  (-)  EGF  (100  ng  ml-1),  b,  A431  cells 
were  treated  with  (+)  or  without  (-)  EGF  (100  ng  ml'1)  for  30  min  and  cross-linked 
with  1%  formaldehyde;  nuclear  lysate  was  then  prepared.  After  precipitation  with 
the  anti-EGFR  antibodies  (1,  Santa  Cruz;  2,  NeoMarkers)  or  normal  rabbit  IgG,  the 
cyclin  D1  promoter  region  was  amplified  by  PCR.  Input  nuclear  DNA  (In)  or  water 
(dw)  were  used  as  PCR  controls. 


bind  to  nuclear  EGFR,  loses  it  ability  to  respond  to  the  EGFR- 
dependent  activation.  This  result  strongly  supports  the  idea  that 
ATRS  might  be  one  of  the  target  sequences  activated  by  nuclear 
EGFR. 

Cyclin  D1  as  one  of  the  potential  targets  for  nuclear  EGFR.  Finally, 
we  sought  to  identify  the  potential  targets  for  nuclear  EGFR  so  that 
we  could  determine  its  biological  significance.  Because  nuclear 
EGFR  was  correlated  with  highly  proliferative  activity  of  cells,  we 
suspected  that  its  target  genes  were  likely  to  be  involved  in  cell  pro¬ 
liferation.  One  of  the  candidates  is  cyclin  Dl.  Cyclin  D1  is  a  cell- 
cycle  regulator  essential  for  Gl  progression.  Overexpression  of 
cyclin  Dl  has  been  shown  to  shorten  Gl  and  to  accelerate  cell  pro¬ 
liferation.  We  found  two  ATRSs  located  in  the  proximal  region  of 
the  cyclin  Dl  promoter  between  nucleotides  -74  and  -70  (TTTAT) 
and  -31  and  -27  (TTTGT),  respectively.  To  test  whether  these  two 
ATRSs  in  the  cyclin  Dl  promoter  were  responsive  to  EGFR  activity, 
the  reporter  gene  containing  163  base  pairs  of  the  cyclin  Dl  pro¬ 
moter  (cyclin  Dl-luc)  was  tested.  Many  known  transcription-fac¬ 
tor-binding  sites  had  been  eliminated  from  this  construct  but  it 
still  contained  two  ATRSs  as  described  above.  EGF  activated  the 
wild-type  reporter  up  to  fourfold  but  the  activation  was  abolished 
when  these  two  ATRS  were  mutated  (cyclin  Dl-luc(m))  by  chang¬ 
ing  the  two  ATRSs  to  CCTAT  and  GGTGT,  respectively  (Fig.  7a). 

Furthermore,  to  examine  whether  EGFR  can  bind  directly  to 
the  promoter  region  of  cyclin  Dl  in  vivo,  we  performed  chromatin 
immunoprecipitation  assays  with  anti-EGFR  antibodies  to  precip¬ 
itate  EGFR  with  or  without  stimulation  by  EGF  (100  ng  mb1)-  As 
shown  in  Fig.  7b,  the  EGFR  was  found  to  be  physically  associated 
with  the  promoter  region  of  cyclin  Dl  only  in  EGF-treated  cell 
extracts  precipitated  by  EGFR-specific  antibodies,  not  in  those 
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precipitated  by  normal  IgG.  Therefore,  EGFR  can  bind  to  the  cyclin 
D1  promoter  in  vivo. 

Discussion 

In  the  study  described  here,  we  have  demonstrated  that  EGFR 
shares  several  features  with  transcription  factors:  it  can  be  located 
in  the  nucleus,  it  contains  a  transactivation  domain,  it  associates 
with  genes  and  it  activates  sequence-specific  gene  expression.  Our 
results  therefore  support  a  model  in  which  nuclear  EGFR  might 
function  as  a  transcription  factor.  Although  other  groups  have 
observed  the  binding  of  EGFR  to  chromatin,  ours  is  the  first  study 
to  demonstrate  that  EGFR  can  bind  to  specific  DNA  sequences  to 
activate  gene  expression.  The  demonstration  of  cyclin  Dl,  a  well- 
known  cell-growth-promoting  factor,  as  its  potential  target  might 
explain  why  the  nuclear  localization  of  EGFR  was  strongly  corre¬ 
lated  with  the  tissues  with  high  proliferation  activity. 

At  present  we  do  not  know  whether  EGFR  binds  to  ATRS 
directly.  However,  it  has  previously  been  shown  that  rat 
Schwannoma-derived  growth  factor  (SDGF),  a  ligand  for  EGFR, 
can  bind  to  AT-rich  DNA  sequences  that  perfectly  match  the  ATRS 
and  must  be  transported  into  nucleus  to  induce  a  mitogenic 
response'8.  Our  study  therefore  raises  the  interesting  idea  that 
EGFR  and  its  ligands  might  function  together  as  transactivation 
complexes  in  which  the  ligand  serves  as  the  DNA-binding  domain 
and  the  receptor  as  the  transactivation  domain. 

It  is  not  clear  how  EGFR  is  translocated  to  the  nucleus.  We 
found  that  EGFR  contained  a  putative  nuclear  localization  signal 
(NLS)  in  amino-acid  residues  645-657  of  the  cytoplasmic  domain 
(RRRHIVRKRTLRR).  When  fused  to  this  polypeptide,  p-galac- 
tosidase  could  be  directed  into  the  nucleus  (data  not  shown). 
EGFR  might  therefore  be  translocated  into  the  nucleus  through 
the  conventional  nuclear  importing  system  associated  with  the 
nuclear  pore  complex  (that  is,  the  Ran/Importin  pathway). 

Many  other  transmembrane  receptors  have  also  been  detected 
in  the  nucleus19,  including  the  receptors  for  insulin20,  nerve  growth 
factor15-21  fibroblast  growth  factor22,23,  platelet-derived  growth  fac¬ 
tor15,  growth  hormone24,  interleukin- 125,  c-erbB-4  (ref.  26)  and 
HER-2/neu27*28.  Nuclear  localization  might  therefore  be  a  general 
feature  of  many  transmembrane  receptors.  However,  despite  many 
previous  reports  on  nuclear  receptors,  the  functions  of  transmem¬ 
brane  receptors  in  the  nucleus  have  never  been  explained.  Because 
we  believe  that  the  gap  causing  slow  progress  in  this  field  is  due 
mainly  to  the  lack  of  functional  studies,  we  have  begun  to  fill  this 
gap  by  clearly  identifying  the  potential  functions  of  nuclear  EGFR. 
In  fact,  the  transactivating  activity  that  we  identified  in  EGFR  has 
also  previously  been  observed  by  our  group  in  HER-2/new27.  It  is 
possible  that  many  other  receptors  also  have  this  activity  and  so  can 
regulate  their  specific  target  genes.  Consequently,  further  studies  of 
the  functions  of  those  nuclear  receptors  should  open  up  a  new 
direction  in  the  field  of  receptor  signalling  that  has  long  been  over¬ 
looked. 


Methods 

Cell  culture  and  nuclear  fractionation. 

All  cell  lines  were  normally  grown  in  DMEM/F-12  with  10%  fetal  calfserum.  Before  stimulation  with 
ECF,  cells  were  serum-starved  for  24  h.  Then,  cells  were  stimulated  with  EGF  (100  ng  ml'1)  for  various 
periods.  Cells  were  then  lysed  in  a  lysis  buffer  (20  niM  HEPES,  pH  7.0, 10  mM  KCI,  2  mM  MgCL, 

0.5%  Nonidet  P40,  1  mM  Na,VO,,  1  mM  PMSF.0.15  U  ml  ’  aprotinin)  and  homogenized  by  30 
strokes  in  a  tightly  fitting  Dounce  homogenizer.  The  homogenate  was  centrifuged  at  1,500  g  for  5  min 
to  sediment  the  nuclei.  The  supernatant  was  then  resedimented  at  15,000  g  for  5  min,  and  the  resulting 
supernatant  formed  the  non-nuclear  fraction.  The  nuclear  pellet  was  washed  three  times  and  resus¬ 
pended  in  the  same  buffer  containing  0.5  M  NaCl  to  extract  nuclear  proteins.  The  extracted  material 
was  sedimented  at  1 5,000  g  for  10  min  and  the  resulting  supernatant  was  termed  the  nuclear  fraction. 

Immunohistochemical  staining. 

Immunostaining  was  done  with  a  modification  of  the  avidin-biotin  complex  technique  described  pre- 
viously”.  The  confocal  microscope  used  in  this  analysis  was  a  Multiprobe  2001  Inverted  CLSM  system 
(Molecular  Dynamics,  Sunnyvale,  California). 


Western  blotting  and  immunoprecipitation. 

Cellular  extract  immunoprecipitated  by  anti-human  EGFR  monoclonal  antibodies  (Amersham  and 
NeoMarkers)  was  separated  by  SDS-PAGE  and  transferred  to  a  nitrocellulose  membrane. 
Immunoblotting  was  performed  with  anti-EGFR  antibody  (UBI  and  NeoMarkers)  or  anti-phosphoty- 
rosine  monoclonal  antibody  (mAb2;  Oncogene  Science)  as  primary  antibody  followed  by  horseradish- 
peroxidase-conjugated  rabbit  anti-sheep  or  anti-mouse  antibodies  ns  secondary  antibodies  and  detect¬ 
ed  by  chemoluminescence  (ECL;  Amersham). 

Kinetic  study  of  nuclear  localization  of  EGFR. 

A431  cells  were  first  stimulated  with  EGF  (100  ng  ml1).  They  were  then  incubated  at  37  °C  for  1-30 
min  or  incubated  at  37  °C  for  1  min  and  then  switched  to  cold  medium  containing  the  same  concen¬ 
tration  of  EGF  for  a  farther  14  or  29  min.  The  nuclear  and  the  non-nuclear  fractions  were  then  isolat¬ 
ed  and  subjected  to  western  blotting  with  anti-EGFR  or  anti-phosphotyrosine  (PY20)  antibody  on 
nitrocellulose  membranes.  The  same  membranes  were  also  probed  with  pRB  (for  the  nuclear  fraction) 
or  actin  (for  the  non-nuclear  fraction)  as  a  loading  control. 

Chemical  cross-linking. 

MDA-MB-468  cells  were  grown  in  low-serum  medium  for  24  h.  The  plates  were  cooled  to  4  °C  before 
adding  medium  containing  iy’i-EGF  (1  pCi  ml'1)  and  farther  incubating  for  20  min.  Phosphate  buffer 
containing  BSSS  (3  mM)  was  then  added  to  the  plates  and  incubated  with  gentle  rocking  for  30  min 
on  ice.  The  cross-linking  was  quenched  by  washing  cells  with  cold  buffer  containing  25  mM  Tris-HCl, 
pH  7.4,  140  mM  NaCI.  This  was  followed  by  washing  with  50  mM  glycine  hydrochloride,  pH  3.0,  150 
mM  NaCl  to  remove  excess  non- cross- linked  ir,l-  EGF.  After  farther  washing  with  cold  PBS,  warm 
medium  was  placed  on  the  cells,  which  were  incubated  at  37  °C  for  a  further  15  min  to  allow  cross- 
linked  proteins  to  enter  cells.  The  cells  were  then  lysed  as  before,  and  nuclear  and  non-nuclear  frac¬ 
tions  were  subjected  to  8%  SDS-PAGE. 

Plasmids  and  transfection. 

The  cytoplasmic  domain  (amino  acids  645-1 186),  tyrosine  kinase  domain  (645-101 1 )  and  C-terminal 
proline-rich  region  (1011-1086)  of  human  EGFR  were  amplified  by  PCR  and  subcloned  in-frame  into 
pSG424  to  generate  for  each  domain  a  fusion  protein  containing  GAL4  DNA-binding  proteins.  The 
fusion  protein  constructs  were  then  transfected  into  a  variety  of  cell  lines  along  with  GAL4CAT  or 
GAL4Luc  reporter  plasmids  via  liposomal  DC-Chol  provided  by  Dr  Leaf  Huang  at  the  University  of 
Pittsburgh. 

CASTing  and  EMSA. 

Cyclic  amplification  and  selection  of  targets  (CASTing)  was  performed  as  described  previously17.  In 
brief,  a  76-bp  oligonucleotide  containing  a  random  stretch  of  36  nucleotides  (S'-GACGTCTCGA- 
GAATTCATCG(N)>CGATGGATCCATCCATGTCAGACT-3,)t  a  5'-end  PCR  primer  ( 5'-G  ACGTCTC- 
GAGAATTCATCG-3')  and  a  3'-end  PCR  primer  5'- CG  ATG  G  ATCC  ATCC  ATGTC  AG  ACT-  3')  were  syn¬ 
thesized.  Double-stranded  DNA  was  generated  and  '-P-labelled  as  the  probe  by  PCR.  A431  cell  lysate 
was  incubated  on  ice  for  30  min  with  anti-EGFR  antibody  (Abl  2;  NeoMarkers)  in  a  buffer  containing 
25  mM  HEPES,  100  mM  KCI,  0.5  mM  MgCL,  1  mg  ml  1  bovine  serum  albumin,  10%  glycerol,  5  mM 
dithiothreitol  and  0.1  mg  poly(dl-dC).  The  probe  was  then  added  to  the  reaction  mixture  and  incubat¬ 
ed  at  room  temperature  for  a  farther  30  min  before  electrophoresis  on  a  4%  non-denaturing  polyacry¬ 
lamide  gel.  The  shifted  band  was  excised  and  bound  DNAs  were  eluted.  The  eluted  DNAs  were  then 
amplified  and  labelled  by  PCR  with  the  two  primers  described  above.  After  four  rounds  of  selection, 
the  amplified  products  were  subcloned  into  pBiuescript  and  sequenced.  For  electrophoretic  mobility- 
shift  assay  (EMSA),  A431  nuclear  extract  was  dialysed  with  the  binding  buffer  first  and  then  incubated 
on  ice  for  30  min  with  EGFR  or  control  antibody  in  the  same  buffer.  EMSAs  were  then  performed 
exactly  as  described  above. 

Chromatin  immunoprecipitation  assay  (CHIP). 

The  methods  of  Braunsrein  ctal.  *  and  Oriand"  were  adopted  as  follows.  A4 31  cells  in  five  10-cm  dish¬ 
es  were  serum-starved  for  24  h  and  stimulated  with  EGF  ( 100  ng  ml  ')  for  30  min.  The  cells  were  then 
treated  with  formaldehyde  (I %  final  concentration)  for  10  min  to  cross-link  proteins  to  DNA  before 
harvesting.  Cells  were  scraped  off  the  plate,  washed  with  ice-cold  phosphate-buffered  saline  and  resus¬ 
pended  in  500  pi  ofhypotonic  buffer  (10  mM  Tris-HCi,  pH  7.4, 10  mM  KCI,  1  mM  dithiothreitol), 
and  passed  20  times  through  a  25-gauge  needle.  Nuclei  were  spun  down,  resuspended  in  200  pi  SDS 
lysis  buffer  (1%  SDS,  10  mM  EDTA,  50  mM  Tris-HCl,  pH  8.0,  and  protease  inhibitors),  and  sonicated 
for  two  30-s  bursts  separated  by  cooling  on  ice.  After  centrifugation,  the  supernatant  was  diluted  1:10 
with  immunoprecipitation  buffer  (50  mM  Tris-HCl,  pH  8.0,  150  mM  NaCl,  5  mM  EDTA,  0.5%  NP40). 
The  cell  lysate  was  precleared  by  incubation  at  4  0C  for  1  h  with  normal  rabbit  IgG  and  for  a  farther  1 
h  with  Protein  A-agarose  beads.  The  cleared  lysates  were  incubated  with  two  different  anti-EGFR  anti¬ 
bodies  (Santa  Cruz  or  NeoMarkers),  or  normal  rabbit  IgG  at  4  °C  overnight.  Immunoprecipitated 
complexes  were  collected  by  adding  Protein  A-agarose  beads  for  2  h  at  4  °C.  Immunoprecipitates  were 
washed  once  with  RIPA  buffer  (150  mM  NaCl,  50  mM  Tris-HCl,  pH  8.0,  0.1%  SDS,  0.5%  sodium 
deoxvcholate,  1.0%  NP40),  once  in  high-salt  wash  (500  mM  NaCl,  1.0%  NP40, 0.1%  SDS,  50  mM  Tris- 
HCl,  pH  8.0),  once  in  LiCl  wash  (250  mM  LiCl,  1 .0%  NP40, 0.5%  sodium  deoxylcholate,  1  mM  EDTA, 
50  mM  Tris-HCl,  pH  8.0)  and  twice  in  TE  buffer  (10  mM  Tris-HCl,  pH  8.0, 1  mM  EDTA).  The  beads 
were  then  treated  with  RNase  (50  pg  ml1)  for  30  min  at  37  °C.  The  samples  were  adjusted  to  0.25% 
SDS,  250  pg  mb'  proteinase  K  and  incubated  at  37  °C  overnight.  The  cross-links  were  reversed  by 
heating  at  65  °C  for  6  h  and  the  DNA  was  then  extracted  with  phenol/chloroform  (1:1)  and  was  pre¬ 
cipitated  with  ethanol.  Specific  sequences  of  cyclin  Dl  promoter  in  the  immunoprecipitates  were 
detected  by  PCR  with  primers  S  (5'-GAGGGGACTAATA  I J  lCCAGCAA-3')  and  AS  (5'- 
TAAAGGGATTTCAGCTTAGCA-3'). 

RECEIVED  18  JANUARY  2001;  REVISED  6  APRIL  2001;  ACCEPTED  5  JUNE  2001; 

PUBLISHED  9  AUGUST  2001. _ 

1.  Cohen,  S.,  Ushiro,  H.,  Stoscheck,  C.  8(  Chinkers,  M.  A  native  170,000  epidermal  growth  factor 
receptor-kinase  complex  from  shed  plasma  membrane  vesicles.  /.  Biol.  Chem.  257,  1523-1531 


NATURE  CELL  BIOLOGY  [VOL  3  (SEPTEMBER  2001  Ihttp-.Z/celll^pT^pOOIoWacmillan  Magazines  Ltd 


807 


articles 


(1982). 

2.  Boonstra,  et  al  The  epii1erm.il  growih  f.ictor.  Cell.  Biol  Irtt.  19,  413-30  (1995). 

3.  Anderson,  D.  et  al.  Binding  of  SH2  domains  of  phospholipase  C  yl .  GAP,  and  Src  to  activated 
growth  factor  receptors.  Science  250, 979-982  (1990). 

4.  Hu,  R  ft  al  Interaction  of  phosphatidylinositol  3-kinase- associated  p85  with  epidermal  growth  fac¬ 
tor  and  platelet-derived  growth  factor  receptors.  Mol  Cell  Biol.  12,  981-990  (1992). 

5  Carpenter,  G.  8c  Cohen,  S.  Epidermal  growth  factor.  Anna.  Rev.  Biochcm.  48,  193-216  (1979). 

6.  Knauer,  L).  |„  Wilev,  H.  S.  8c  Cunningham,  D.  L).  Relationship  between  epidermal  growth  factor 
receptor  occupancy  and  mitogenic  response.  Quantitative  analysis  using  a  steady  state  model  sys¬ 
tem.  ].  Biol.  Chan.  259,  5623-5631  (1984). 

7.  Defize,  L.  H.,  Moolenaar,  W.  H„  van  der  Saag,  P.  T.  &  de  Laat,  S.  W.  Dissociation  of  cellular 
responses  to  epidermal  growth  factor  using  anti-receptor  monoclonal  antibodies.  EMflO  /.  5, 
1187-1192  (1986). 

8.  Wakshull,  E.  M.  8c  Wharton,  W.  Stabilized  complexes  of  epidermal  growth  factor  and  its  receptor 
on  the  cell  surface  stimulate  RNA  synthesis  but  not  mitogenesis.  Proc.  Natl  Acad.  Sci.  t/SA  82, 
8513-8517  (1985). 

9.  Zimmermann,  H.  et  al  The  overex  press  ion  of  proliferating  cell  nuclear  antigen  in  biliary  cirrhosis  in 
the  rat  and  its  relationship  with  epidermal  growth  factor  receptor.  /.  Hepatol.  23,  459-464  (1995). 

10.  Tervahauta,  A.,  Syrjanen,  S.  8c  Syrjanen,  K.  Epidermal  growth  factor  receptor,  c-erbB-2  proto-onco¬ 
gene  and  estrogen  receptor  expression  in  human  papillomavirus  lesions  of  the  uterine  cervix.  Int.  j. 
Gynecol.  Pathol.  13,234-240  (1994). 

1 1.  Kamio,  T.,  Shigematsu,  K.,  Sou.  H.,  Kawai,  K.  8c  Tsuchiyama,  H.  Inimunohistochemical  expression 
of  epidermal  growth  factor  receptors  in  human  adrenocortical  carcinoma.  Hum.  Pathol  21, 
277-282  (1990). 

12.  Gusterson,  B.  et  al.  Evidence  for  increased  epidermal  growth  factor  receptors  in  human  sarcomas. 
Int.  }.  Cancer 36,  689-693  (1985). 

13.  Lipponen,  P.  8c  Eskelinen,  M.  Expression  of  epidermal  growth  factor  receptor  in  bladder  cancer  as 
related  to  established  prognostic  factors,  oncoprotein  (c-erbB-2,  p53)  expression  and  long-term 
prognosis.  Br.  /.  Cancer  69,  1120-1125  (1994). 

14.  Pilch,  P.  F.  8c  Czech,  M.  P.  Interaction  of  cross-linking  agents  with  the  insulin  effector  system  of  iso¬ 
lated  fat  cells.  Covalent  linkage  of  ,rT-insulin  to  a  plasma  membrane  receptor  protein  of  140,000 
daltons.  /.  Biol.  Chew.  254,  3373-3381  (1979). 

15.  Rakowicz-Szulczynska,  E.  M„  Rodeck,  U.,  Herlyn,  M.  8c  Koprowski,  H.  Chromatin  binding  of  epi¬ 
dermal  growih  factor,  nerve  growth  fiictor,  and  platelet-derived  growth  factor  in  cells  bearing  the 
appropriate  surface  receptors.  Proc.  Natl  Acad.  Sci.  USA  83,  3728-3732  (1986). 

16.  Khazaie,  K.,  Schirrmacher,  V.  8c  Lichtner,  R.  B.  EGF  receptor  in  neoplasia  and  metastasis.  Cancer 
Metastasis  Rev.  12,  255-274  (1993). 

17.  Wright,  W.  E.,  Binder,  M.  8c  Funk,  W.  Cyclic  amplification  and  selection  of  targets  (CASTing)  for 
the  myogenin  consensus  binding  site.  Mol.  Cell  Biol.  11,41 04—4 1 10  ( 1991 ). 


18.  Kimura,  H.  Schwannoma-derived  growih  factor  must  be  transported  into  the  nucleus  to  exert  its 
mitogenic  activity.  Proe.  Natl  Acad.  Sci.  USA  90,  2165-2169  (1993). 

19.  Jans,  D.  A.  8<  Hassan,  G.  Nuclear  targeting  by  growih  factors,  cytokines,  and  their  receptors:  a  role 
in  signaling?  BioEssays  20, 400-4 11(1 998). 

20.  Vigneri,  R„  Goldfine,  I.  D.,  Wong,  K.  Y.,  Smith,  G.  1.  8c  Pezzino,  V.  The  nuclear  envelope.  The  major 
site  of  insulin  binding  in  rat  liver  nuclei.  ].  Biol.  Chew.  253,  2098-2103  (1978). 

21.  Rakowicz-Szulczynska,  E.  M,  Herlyn,  M.  8c  Koprow-ski,  H.  Nerve  growth  factor  receptors  in  chro¬ 
matin  of  melanoma  cells,  proliferating  melanocytes,  and  colorectal  carcinoma  cells  in  vitro,  Cancer 
Res.  48, 7200-7206(1988). 

22.  Maher,  P.  A.  Nuclear  translocation  of  fibroblast  growth  factor  (FGF)  receptors  in  response  to  FGF- 
2.  /.  Cell  Biol.  134,  529-536  (1996). 

23.  Stachowiak,  M.  K.,  Maher,  P.  A.,  Joy,  A.,  Mordechai,  E.  8c  Stachowiak,  E.  K.  Nuclear  accumulation  of 
fibroblast  growth  factor  receptors  is  regulated  by  multiple  signals  in  adrenal  medullary  cells.  Mol. 
Biol.  Cell  7,  1299-1317  (1996). 

24.  Lobie,  P.  E.,  Wood,  T. Chen,  C.  M.,  Waters,  M.  I.  8c  Norstedt,  G.  Nuclear  translocation  and 
anchorage  of  the  growih  hormone  receptor.  /.  Bid/.  Chew.  269,  31735-31746  (1994). 

25.  Curtis,  B.  M.,  Widmer,  M.  B.,  deRoos,  P.  8c  Qwarnstrom,  E.  E,  IL-1  and  its  receptor  are  translocated 
to  the  nucleus.  /.  Immunol  144,  1295-1303  (1990). 

26.  Srinivasan,  R.,  Gillett,  C.  E.,  Barnes,  D.  M.  8c  Gullick,  W,  ].  Nuclear  expression  of  the  c-erbB- 
4/HER-4  growth  factor  receptor  in  invasive  breast  cancers.  Cancer  Res.  60,  1483-1487  (2000). 

27.  Xie,  Y.  8c  Hung,  M.  C.  Nuclear  localization  of  pl85neu  tyrosine  kinase  and  its  association  with 
transcriptional  transactivation.  Biochem.  Biophys.  Res.  Common.  203,  1589-1598  (1994). 

28.  Cohen,  I.  A.,  Yachnis.  A.  T.,  Arai,  M.,  Davis,  J.  G.  8c  Scherer,  S.  S.  Expression  of  the  neu  proto-onco¬ 
gene  by  Schwann  cells  during  peripheral  nerve  development  and  Wallerian  degeneration.  /. 

Nenrosci.  Res.  31.  622-634  (1992). 

29.  Hsu,  S.  M.,  Raine,  L.  8c  Fanger,  H.  Use  of  avidin-biotin-peroxidase  complex  (ABC)  in  imnui noper¬ 
oxidase  techniques:  a  comparison  between  ABC  and  unlabeled  antibody  (PAP)  procedures,  /. 
Histochem.  Cytochem.  29, 577-580  (1981 ). 

30.  Braunstein,  M.,  Rose,  A.  B.,  Holmes,  S.  G.,  Allis,  C.  D.  8c  Broach,  J.  R.  Transcriptional  silencing  in 
yeast  is  associated  with  reduced  nucleosome  acetylation.  Genes  Dev.  7,  592-604  (1993). 

31.  Orlando,  V.  8c  Paro,  R.  Mapping  Polycomb-rcpressed  domains  in  the  bithorax  complex  using  in 
vivo  formaldehyde  cross-linked  chromatin.  Cell  75,  1 187-1 198  (1993). 

ACKNOWLEDGEMENTS 

We  thank  You-Wei  Chen  for  his  assistance  with  the  confocal  microscopic  analysis.  The  work  was  sup¬ 
ported  partly  by  NCI  grants  (to  L.B.  and  M.-C.H.),  an  M.D.  Anderson  Faculty  Achievement  Award  (to 

M.-C.H.)  and  a  predoctoral  fellowship  from  the  DOD  Breast  Cancer  Research  Program  (to  S.-Y.  L.). 

K.M.  and  Y.W.  are  supported  by  a  DOD  Breast  Cancer  Research  Training  Grant. 

Correspondence  and  requests  for  materials  should  be  addressed  to  M.-C.H. 


808 


Pfi©  2001  Macmillan  BIOLOCY|VOL  3 1  SEPTEMBER  2001  thttp://cellbio.nature.com 


T 


i  _  _ _ 

news  and  views 


poles.  These  findings  support  the  conclu¬ 
sion  that  separase  has  a  general  role  in 
anaphase  spindle  dynamics,  but  its  mecha¬ 
nism  remains  unclear. 

Important  questions  for  the  future  will 
be  to  determine  whether  the  spindle  defect 
is  due  to  the  failure  to  cleave  other  sub¬ 
strates  or  to  the  absence  of  a  non-protease 
function  of  separase.  Characterization  of 
the  phenotype  of  a  catalytically  inactive 
separase  mutants  expressed  during 
anaphase  should  help  to  resolve  these 
issues.  In  addition,  cells  lacking  separase 
activity  do  not  efficiently  degrade  mitotic 
cyclins7,19.  Therefore,  separase  might  also 
affect  spindle  dynamics  indirectly  by  its 
effects  on  the  levels  of  mitotic  cyclins. 

Slk  19  also  plays  an  important  role  in  the 
first  meiotic  anaphase,  when  it  is  required  to 
prevent  separase  action  on  centromere- 
associated  Rec8  (ref.  20).  The  maintenance 
of  centromeric  cohesion  until  anaphase  II  is 
crucial  for  proper  meiotic  chromosome  seg¬ 
regation.  This  role  of  Slk  19  does  not,  how¬ 
ever,  seem  to  require  separase  cleavage1  and 
the  mechanism  remains  to  be  determined. 
Perhaps  unphosphorylated  Slk  19  acts  as  a 
competitive  inhibitor  of  separase  action  on 
kinetochores  during  anaphase  I.  This  model 
predicts  that  recognition  (but  not  clipping) 


of  the  separase  cleavage  site  on  Slk  19  would 
be  required  for  its  meiosis  I  function. 

The  identification  of  at  least  one  new  sep¬ 
arase  substrate  suggests  that  separase  might 
have  a  broad  role  in  regulating  mitosis. 
Because  animal  cells  also  have  a  separase  sys¬ 
tem  for  dissolving  sister  cohesion48,  these 
cells  might  also  harbour  a  complex  set  of 
separase  substrates.  In  addition,  some  of  the 
potential  separase  substrates  do  not  have 
mitotic  functions.  This  raises  the  possibility 
that  separase  could  also  regulate  other 
processes.  It  is  worth  noting  that  the  separase 
mutations  that  are  commonly  studied  were 
selected  specifically  for  their  mitotic  defects 
and  so  probably  do  not  represent  complete 
null  mutations13,21.  A  re-examination  of  the 
phenotypes  associated  with  bona  fide  null 
mutations  might  reveal  additional  separase 
functions.  Addressing  this  seductive  possibil¬ 
ity  will  require  extensive  analysis.  \Z 
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EGF  receptors  as 
transcription  factors: 
ridiculous  or  sublime? 

Mark  G.  Waugh  and  J.  Justin  Hsuan 

The  notion  that  a  transmembrane  receptor  at  the  cell  surface  can 
somehow  reappear  as  a  transcription  factor  in  the  nucleus  is  bound  to 
be  controversial.  However,  there  are  two  reported  examples  of  this.  If 
this  hypothesis  can  withstand  the  inevitable  and  necessary  battery  of 
additional  empirical  tests,  then  our  understanding  of  signal  transduc¬ 
tion  needs  to  move  in  a  new  direction. 


On  pages  802-808  of 
this  issue,  Hung  and 
co-workers  report 
that  following  epidermal 
growth  factor  (EGF)  stim¬ 
ulation  at  the  cell  surface, 
full-length  EGF  receptors 
(EGFR)  migrate  to  the 
nucleus,  where  they  bind 
an  AT-rich  consensus 
sequence  (ATRS)  via  an 
undefined  domain  and 


enhance  transcription  via  a 
proline-rich  region  near 
their  carboxy-terminal 
domain  (Fig.  1)  (ref.  1). 
Moreover,  they  show  that 
EGFRs  associate  with  the 
promoter  region  of  cyclin 
Dl,  a  protein  that  can  play 
a  key  role  in  mitogenesis. 
These  results  challenge  the 
textbook  dogma  that 
receptor  tyrosine  kinases 


stimulate  mitogenic  path¬ 
ways  only  through  sus¬ 
tained  activation  of  second 
messenger  cascades  at  the 
plasma  membrane  or  in 
endosomes2,3. 

Before  this,  the  prevail¬ 
ing  mechanism  by  which 
EGF  was  believed  to  pro¬ 
mote  mitogenesis  could  be 
summarized  as  follows. 
EGFR  monomers  on  the 
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cell  surface  bind  a  single  molecule  of  EGF. 
EGFR  molecules  then  dimerize  and  under¬ 
go  autophosphorylation  of  multiple  tyro¬ 
sine  residues  in  their  cytoplasmic  tails. 
These  residues  become  docking  sites  for 
cytosolic  and  membrane-associated  effec¬ 
tors  containing  phosphotyrosine-binding 
SH2  or  PTB  domains,  such  as  phospho- 
inositide  3-kinase  (PI3K),  phospholipase  C 
(PLC)  and  the  adapter  molecule  Grb2.  The 
ensuing  assembly  of  specific  target  pro¬ 
teins  on  the  inner  leaflet  of  the  plasma 
membrane  culminates  in  the  formation  of 
second  messengers  such  as  polyphospho¬ 
inositides  and  inositol  polyphosphates, 
and  the  activation  of  key  mitogenic  path¬ 
ways,  such  as  the  Ras/MAPK  cascade.  The 
targets  of  these  pathways  include  tran¬ 
scription  factors  (Fig.  2),  which  translocate 
from  the  cytosol  to  the  nucleus  when  stim¬ 
ulated  by  their  respective  upstream  kinases 
or  phosphatases.  Although  previous  stud¬ 
ies  have  suggested  that  various  receptor 
tyrosine  kinases  can  migrate  to  the  nucle¬ 
us,  what  is  most  striking  about  Hung  and 
co-workers’  paper  is  its  suggestion  that 
activated  EGFR  molecules  can  themselves 
enhance  gene  expression  by  binding  to 
DNA  in  the  nucleus1.  The  ability  to  bypass 
the  protein  phosphorylation  cascades, 
widely  thought  to  be  essential  in  transduc¬ 
ing  mitogenic  stimuli,  has  important 
implications  for  treating  conditions 
requiring  increased  cell  proliferation  or  its 
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Figure  1  Epidermal  growth  factor  receptor  (EGFR)  domain  topology.  Regions  that  are  rel¬ 
evant  to  the  proposed  nuclear  localization  of  EGFR  are  indicated  schematically,  includ¬ 
ing  the  putative  nuclear  localization  sequence  (NLS)  in  the  juxtamembrane  region  (yel¬ 
low)  and  the  proline-rich  transactivation  domain  near  the  carboxy  terminus  (orange). 
The  major  autophosphorylation  sites  and  protein  kinase  C  phosphorylation  site  are  also 
indicated  (red  P). 


inhibition,  such  as  wound  repair  and  can¬ 
cer,  respectively. 

Through  their  proposal  that  activated 
EGFRs  behave  as  transcription  factors, 
Hung  and  co-workers  provide  an  explana¬ 
tion  for  several  puzzling  reports  suggesting 
nuclear  translocation  by  several  trans¬ 
membrane  receptors  in  addition  to  EGFR 
(c-erbB),  including  the  receptor  tyrosine 
kinases  for  c-erbB2  (ref.  4),  c-erbB-4 
(ref.  5),  platelet-derived  growth  factor, 
fibroblast  growth  factor  (FGF),  nerve 
growth  factor  and  insulin6.  In  their  earlier 
report  of  transactivation  by  the  cytoplas¬ 
mic  domain  of  c-erbB2  (but  not  by  the 
full-length  protein)4,  Hung  and  co-work¬ 
ers  also  speculated  that  members  of  the 
large  family  of  receptor  tyrosine  kinases 
might  be  functional  transcription  factors. 
This  suggested  a  reason  why  growth-fac¬ 
tor-dependent  DNA  synthesis  might 


...  Hung  and  co-workers 
provide  an  explanation 
for  several  puzzling 
reports  suggesting 


Figure  2  Signal  transduction  from  epidermal  growth  factor  receptors  (EGFRs)  to  nuclear 
transcription.  Multiple  signalling  cascades  transduce  signals  from  activated  EGFR  at  the 
cell  surface  to  the  nucleus.  All  depend  on  protein  phosphorylation,  culminating  in  the 
nuclear  import  of  activated  serine/^hreonine  kinases  (red)  and  the  phosphorylation  of 
target  transcription  factors.  EGFRs  are  also  found  in  the  nucleus  and  have  been  postu¬ 
lated  to  have  intrinsic  transcription  factor  activity. 
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require  receptor  translocation  in  addition 
to  the  signal  transduction  cascades  initiat¬ 
ed  at  the  cell  surface. 

It  will  be  interesting  to  see  whether 
other  families  of  ligand-activated  plasma 
membrane  receptor,  such  as  G-protein- 
coupled  and  cytokine  receptors,  also  have 
transcription  factor  activity.  Several  of 
these  can  affect  gene  expression  and  have 
been  found  in  the  nucleus,  such  as  the 
receptors  for  angiotensin,  growth  hor¬ 
mone,  interleukins  la  and  lp,  and  inter¬ 
ferons  p  and  y  (ref.  6).  One  conceivable 
advantage  of  direct  receptor  action  in  the 
nucleus  is  to  maintain  specificity,  which  is 
otherwise  compromised  by  the  degeneracy 
of  signalling  pathways  that  are  shared  by 
many  different  cell  surface  receptors. 

Several  reports  have  also  described  the 
migration  of  growth  factors,  hormones 
and  cytokines  to  the  nucleus,  many  of 
which  have  been  shown  to  have  a  func¬ 
tional  nuclear  localization  sequence6 
(NLS).  The  NLS  binds  importin  a  and  the 
complex  is  then  targeted  to  the  nuclear 
pore  complex  by  association  with 
importin  p.  It  remains  to  be  shown 
whether  or  not  the  putative  EGFR  NLS 
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reported  by  Hung  and  co-workers  (Fig.  1) 
is  responsible  for  nuclear  localization  in 
vivo Nuclear  import  of  proteins  that  do 
not  have  a  functional  NLS  might  be  medi¬ 
ated  by  glycosylation6  or  associated  pro¬ 
teins.  For  example,  the  FGF  receptor  has 
recently  been  found  to  bind  directly  to 
importin  (3  (ref.  8),  although  more  work  is 
needed  to  establish  whether  or  not  this 
represents  a  general  mechanism  used  by 
other  receptors. 

Two  properties  are  required  to  define 
eukaryotic  transcription  factors:  DNA 
binding  at  specific  sequences  and  transacti¬ 
vation  (the  ability  to  enhance  transcription 
by  RNA  polymerase  II).  Although  EGFRs 
have  been  shown  to  bind  DNA  preferen¬ 
tially  at  ATRS  sites  and  to  stimulate  tran¬ 
scription  from  reporter  constructs,  trans¬ 
activation  was  only  detected  using  the  iso¬ 
lated  EGFR  proline-rich  domain  (Fig.  1) 
fused  to  a  Gal4  DNA-binding  domain. 
Furthermore,  specific  DNA  binding  was 
tested  using  EGFR-containing  cell  lysates 
and  might  be  indirect.  Consequently,  an 
outstanding  question  is  whether  nuclear 
translocation  and  gene  induction  by 
endogenous  EGFRs  have  any  physiological 
importance,  either  alone  or  combined  with 
other  EGF-dependent  signalling  pathways. 
The  critical  tests  of  biological  necessity  and 
sufficiency  in  intact  cells  have  yet  to  be 
applied. 

Perhaps  the  most  intriguing  problem  yet 
to  be  faced  concerns  the  steric  quandary 
raised  by  the  proposed  transition  from 
transmembrane  receptor  to  transcription 
factor:  how  can  a  170  kDa  integral  mem¬ 
brane  protein  enter  the  nucleus  a  few  min¬ 
utes  after  activation  at  the  cell  surface? 
Proteolysis  does  not  seem  to  be  relevant 
because  nuclear  EGFRs  seem  to  be  intact. 
Also,  there  is  no  mechanism  by  which 
EGFRs  could  leave  their  membrane  bilayer, 
and  endosome  trafficking  through 
10-20  nm  nuclear  pores  seems  to  be  impos¬ 
sible.  The  only  established  pathway  for 
EGFRs  to  enter  cells  is  via  clathrin-coated 
pits  but  receptors  sequestered  in  this  way 
are  usually  destined  for  degradation  by 
lysosomes9.  It  has  been  suggested  that  cave- 
olae  transport  growth  hormone  and  inter¬ 
feron  y  to  nuclei,  but  there  is  no  empirical 
evidence  for  this  pathway.  The  role  of 
EGFRs  as  transcription  factors  will  not 
enter  the  textbooks  until  a  plausible  traf¬ 
ficking  route  is  identified. 

If  correct,  however,  the  idea  that  EGFRs 
act  directly  as  transcription  factors  might 
have  significant  clinical  ramifications.  Hung 
and  co-workers  show  that  the  proportion  of 
EGFRs  that  can  be  identified  within  nuclei 
correlates  with  the  proliferative  status  of  tis¬ 
sues'.  They  also  note  that  overexpression 
and  increased  nuclear  levels  of  the  c-erbB 
family  in  proliferative  disorders  are  not  in 
themselves  new  findings.  However,  if  EGFR 
directly  activates  transcription,  their  study 
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raises  the  possibility  that  inappropriate 
transcription  from  EGFR  target  genes  con¬ 
tributes  to  a  number  of  pathologies, 
including  cancer.  EGFR  overexpression  is 
known  to  cause  mislocalization  and  aber¬ 
rant  signalling.  For  example,  EGFRs  are 
normally  confined  to  the  basolateral  sur¬ 
face  of  polarized  epithelial  cells  but,  when 
they  are  overexpressed,  receptors  also 
appear  at  the  apical  surface10.  EGFRs  that 
are  misdirected  through  overexpression  to 
the  apical  surface  undergo  prolonged  acti¬ 
vation,  giving  rise  to  augmented  phospho¬ 
rylation  of  focal  adhesion  kinase  and  (3- 
catenin.  If  a  similar  scenario  is  extrapolat¬ 
ed  to  nuclear  EGFR  signalling  then  EGFR- 
dependent  transcriptional  activation  might 
only  become  apparent  in  some  tissues  as  a 
consequence  of  deregulated  EGFR  produc¬ 
tion.  If  so,  it  might  be  possible  to  exploit 
the  nuclear  localization  and  putative  tran¬ 
scriptional  role  of  EGFR  for  therapeutic 
purposes.  Indeed,  there  is  already  at  least 


one  successful  effort  to  use  nuclear  EGFR  as 
a  means  of  introducing  Auger-electron - 
emitting  "'In-radiolabelled  EGF  to  the 
nucleus11.  In  addition,  anti-EGFR  antibod¬ 
ies  have  been  conjugated  to  a  reporter  gene 
to  use  EGFR  transport  to  the  nucleus  as  a 
means  of  introducing  and  transcribing 
exogenous  DNA  in  the  nucleus12.  Given  the 
newly  proposed  role  of  EGFR  as  a  tran¬ 
scription  factor,  such  radiopharmaceutical 
and  genetic  approaches  might  be  a  particu¬ 
larly  effective  means  of  controlling  patholo¬ 
gies  associated  with  EGFR  overexpression, 
and  might  complement  approaches 
designed  to  inhibit  signalling  cascades. 

Clearly,  whether  further  studies  chal¬ 
lenge  or  support  the  proposed  nuclear  role 
of  EGFR,  the  study  by  Hung  and  co-work¬ 
ers  in  this  issue  provides  the  springboard 
for  incisive  experiments  in  this  previously 
unexplored  area  of  receptor  biology.  LJ 
Mark  G.  Waugh  and  J.  Justin  Hsuan  are  at  the 
Centre  for  Molecular  Cell  Biology,  Department  of 
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Abstract 


DOC-2  was  identified  due  to  the  loss  of  its  expression  in  primary  ovarian 
cancer  cells.  It  is  believed  that  loss  of  DOC-2  expression  is  one  of  the  early  events  of 
ovarian  malignancy.  These  results  suggest  a  function  of  DOC-2  as  a  tumor 
suppressor.  However,  it  is  not  clear  how  DOC-2  negatively  regulates  cancer  cell 
growth.  In  this  report,  we  demonstrate  that  DOC-2  expression  in  breast  cancer  cells 
resulted  in  sensitivity  to  suspension-induced  cell  death  (anoikis).  This  event  was 
associated  with  the  down-regulation  of  the  integrin-linked  kinase  (ILK)  activity. 
Since  ILK  is  a  key  factor  in  regulating  the  cellular  signaling  in  responding  to  the 
extracellular  signals  through  adhesion  molecules  like  integrins,  our  results  indicate 
that  DOC-2  may  prevent  tumor  growth  and  invasion  by  modulating  the  anti- 
apoptotic  ILK  pathway. 
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The  human  DOC-2  gene  (differentially-expressed  in  ovarian  carcinoma  2)  was 
originally  isolated  based  on  a  differential  RNA  fingerprint  screening  of  normal  versus 
cancer  epithelial  ovarian  cells  (Mok  et  al.,  1994;  Mok  et  al.,  1998).  Expression  of  the 
DOC-2  gene  is  mitigated  or  lost  in  multiple  ovarian  cancer  cell  lines  as  well  as  in  tissues 
derived  from  serous  ovarian  tumors  when  compared  with  the  expression  levels  in  normal 
ovarian  cells  (Mok  et  al.,  1994;  Mok  et  al.,  1998).  The  DOC-2  protein  contains  a 
phosphotyrosine  interacting  domain  (PID)  at  the  N  terminal  region  and  multiple  proline- 
rich  SH3  binding  motifs  at  the  C  terminus  (Mok  et  al.,  1998).  These  motifs  are 
conserved  in  the  mouse  homologue  of  DOC-2,  p96/mDab2,  suggesting  critical  biological 
functions  associated  with  these  motifs  (Xu  et  al.,  1998).  The  SH3  binding  motifs  of  the 
mouse  p96/mDab2  protein  have  been  shown  to  interact  with  the  SH3  domains  of  Grb2 
and  reduce  the  binding  between  Grb2  and  Sos  (Xu  et  al.,  1998).  These  observations 
suggest  that  DOC-2  may  be  involved  in  the  signaling  pathway  mediated  by  tyrosine 
phosphorylations. 

In  normal  tissues,  DOC-2  expression  is  distributed  in  the  surface  epithelial  cells 
of  ovary  or  the  ductal  epithelial  cells  of  breast  (Fazili  et  al.,  1999;  Mok  et  al.,  1994;  Mok 
et  al.,  1998;  Sheng  et  al.,  2000).  Loss  of  DOC-2  expression  in  ovarian  cancer  appears  to 
be  an  early  tumorigenesis  event  in  serous  but  not  mucinous  ovarian  cancer  (Fazili  et  al., 
1999;  Mok  et  al.,  1998).  It  has  been  reported  that  DOC-2  expression  is  correlated  with 
the  presence  of  basement  membrane  in  ovarian  and  breast  tumors,  suggesting  that  DOC-2 
exerts  its  anti-tumor  function  by  controlling  the  positioning  of  the  epithelial  cells  to 
basement  membrane  (Sheng  et  al.,  2000).  Consistently,  reconstitution  of  DOC-2 
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expression  in  human  ovarian  cancer  cells  resulted  in  reduction  of  growth  rate  in  culture 
and  tumorigenicity  in  nude  mice  (Mok  et  al.,  1998).  However,  the  mechanism  of  the 
tumor  suppression  function  of  DOC-2  remains  unclear. 

To  further  explore  the  function  of  DOC-2,  we  constructed  a  recombinant 
adenovirus  of  DOC-2.  Infection  of  two  breast  cancer  cell  lines,  SK-BR-3  and  MDA-MB- 
453,  showed  a  dose-dependent  manner  of  adenovims-mediated  DOC-2  expression 
(Figure  1).  Both  cell  lines  express  low  or  undetectable  levels  of  endogenous  DOC-2 
protein.  Even  though  flow  cytometry  analysis  indicated  that  DOC-2  expression  did  not 
significantly  affect  the  proliferation  of  these  cell  lines  in  attached  cell  culture  (data  not 
shown),  ectopic  DOC-2  expression  in  SK-BR-3  cells  significantly  sensitized  the  cells  to 
apoptosis  induced  by  cell  detachment  (anoikis)  (Figure  2,  A  and  C).  This  phenomenon  is 
not  limited  to  SK-BR-3  cells.  Viral  infection  of  DOC-2  in  the  MDA-MB-453  breast 
cancer  cells  exhibited  an  even  more  dramatic  effect  by  DOC-2  expression  in  sensitization 
of  anoikis  (Figure  2,  B  and  C). 

Under  our  experimental  condition,  DOC -2  expression  did  not  alter  the  activation 
of  the  ERK  signaling  pathway,  nor  the  JNK  stress  responsive  pathway  (Figure  3).  Since 
both  SK-BR-3  and  MDA-MB-453  cells  express  high  level  of  the  tyrosine  kinase  receptor 
HER-2/new,  and  that  BER-2/neu  overexpression  has  been  reported  to  enhance  cell 
survival  in  anchorage-independent  growth  (Yu  &  Hung,  1991),  we  next  checked  the 
protein  levels  and  the  tyrosine  phosphorylation  status  of  HER-2 /neu  in  these  cell  lines. 
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DOC-2  expression  apparently  did  not  have  effect  on  either  protein  expression  or  the 
autophosphorylation  status  of  HER-2 Ineu  (Figure  3). 

The  induced  apoptosis  in  detached  cells  by  DOC-2  suggests  that  DOC-2  may 
block  the  anti-apoptotic  arm  downstream  the  integrin  signaling  pathway.  The  major 
survival  determinant  in  the  integrin  pathway  is  the  integrin-linked  kinase  (ILK)  (Dedhar, 
2000).  ILK  is  a  serine/threonine  kinase  and  plays  a  critical  role  for  cell  proliferation, 
survival,  and  tumor  development  (Dedhar,  2000;  Persad  et  al.,  2000).  ILK  interacts  with 
the  cytoplasmic  domain  of  integrin  (31  and  (33  and  can  be  stimulated  by  extracellular 
matrix  attachment.  ELK  can  also  be  activated  by  growth  factor  stimulation  in  a  PI-3 
kinase-dependent  manner  (Delcommenne  et  al.,  1998).  Overexpression  of  ELK  in  breast 
cancer  cells  confers  resistance  to  anoikis,  while  down-regulation  of  ELK  in  breast  cancer 
cells  sensitized  the  cells  to  anoikis  (Attwell  et  al.,  2000).  Since  SK-BR-3  and  MDA-MB- 
453  cells  express  high  levels  of  ELK  [Makino,  unpublished  results],  we  tested  the  possible 
involvement  of  ELK  in  the  DOC-2  signaling  pathway  by  examining  the  kinase  activity  of 
ILK  in  cells  overexpressing  DOC-2  (Figure  4).  DOC-2  expression  resulted  in  significant 
down-regulation  of  the  ELK  activity  in  SK-BR-3  and  MDA-MB-453  cells  and  the  level  of 
down-regulation  was  corresponding  to  the  induction  levels  of  anoikis  as  evaluated  by 
TUNNEL  assay  mentioned  above  (Figure  2). 

We  have  demonstrated  that  the  putative  tumor  suppressor  gene  DOC-2  sensitizes 
breast  cancer  cells  to  apoptosis  induced  by  loss  of  attachment  to  extracellular  matrix. 

This  event  was  accompanied  by  enzymatic  down-regulation  of  the  ELK  kinase,  a  key  anti- 
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apoptotic  mediator  in  processing  signals  stimulated  by  changes  in  the  extracellular 
environment.  Our  study  indicates  that  DOC-2  suppresses  the  development  of  breast 
cancer  by  targeting  the  oncogenic  activity  of  ILK.  These  results  also  suggest  a  link 
between  the  DOC-2  function  and  the  integrin-mediated  signaling  for  cell  survival.  The 
question  whether  this  tumor  suppression  function  of  DOC-2  is  associated  with  its 
previously  reported  ability  to  interrupt  the  Grb2-Sos  signaling  cascade  remains  to  be 
explored  (Xu  et  al.,  1998).  With  this  regard,  it  is  noteworthy  that  the  Shc2-Grb2-Sos 
signaling  pathway  has  been  shown  to  be  involved  in  the  activation  of  PI-3K  activity  (Gu 
et  al.,  2000),  and  that  activation  of  PI-3K  results  in  the  activation  of  a  number  of 
downstream  regulators  including  ILK  (Dedhar,  2000;  Delcommenne  et  al.,  1998). 
Alternatively,  DOC-2  may  modulate  the  activity  of  ILK  by  directly  inhibiting  the  cross 
talk  between  integrins  and  ILK.  The  answer  of  this  question  will  be  critical  to 
understanding  of  the  pathogenesis  and  the  development  of  a  potential  therapy  for  ovarian 
and  breast  cancer. 
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Figure  Legends 


Figure  1.  Dose-dependent  expression  of  DOC-2  by  adenovirus  infection.  lxlO6  of  cells 
were  plated  in  100  mm  tissue  culture  plates  for  48  h.  Cells  were  then  infected  by  DOC-2 
viruses  (Ad.DOC-2)  of  different  titers  (MOI)  for  overnight  in  the  absence  of  serum.  The 
infection  mix  was  then  removed  and  the  cells  were  cultured  in  medium  containing  10% 
of  fetal  bovine  serum  for  36  h  before  being  harvested  for  cell  lysates.  A,  For  SK-BR-3 
cells  infection  with  the  control  virus  of  luciferase  (Ad.Luc)  was  used  as  the  negative 
control.  B,  For  the  experiment  of  MDA-MB-453  cells,  Ad.DOC-2  and  Ad.Luc  of  400 
MOI  in  total  with  different  combinations  as  indicated  were  used  to  co-infect  the  cells. 
The  CPP32  protein  (panels  A  and  B)  as  well  as  HER-2  (panel  B)  were  shown  as  equal 
loading  controls. 

Figure  2.  DOC-2  expression  inhibited  anoikis.  A,  SK-BR-3  cells  were  infected  by  200 
MOI  of  DOC-2  virus  (Ad.DOC-2)  or  control  luciferase  (Ad.Luc)  as  described  in  Figure 
1.  The  infected  cells  were  then  trypsinized  and  plated  in  100  mm  plates  coated  with 
poly-(2-hydroxyethyl  methacrylate)  (poly-HEMA)  and  incubated  for  36  h  in  serum-free 
medium.  Cells  were  then  harvested,  washed,  and  collected  on  a  slide  by  a  cytospin 
centrifuge.  The  cell  pellet  was  then  fixed  in  4%  paraformaldehyde  at  4°  for  overnight. 
The  fixed  cells  were  then  permeablized  by  0.5%  Triton  X-100  and  deproteinated  with 
proteinase  K.  The  apoptotic  DNA  fragments  were  then  labeled  by  terminal 
deoxynucleotidyl  transferase  (TdT)  (Gibco  BRL,  MD)  and  biotinylated  dUTP 
(Boehringer  Mannheim,  IN).  Labeled  cells  were  stained  with  the  HRP-conjugated 
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avidin-biotinylated  complex  (Vector,  CA)  and  developed  in  the  aminoethylcarbazole 
chromogen  substrate  solution.  The  ratio  between  infections  by  Ad.DOC-2  and  by 
Ad.Luc  is  shown.  B,  TUNNEL  assay  for  MDA-MB-453  cells  infected  by  400  MOI  of 
Ad.DOC-2  or  Ad.Luc  as  described  in  A.  C,  Representative  slides  showing  the  different 
levels  of  anoikis  of  SK-BR-3  and  MDA-MB-453  cells  as  detected  by  TUNNEL  assay. 
Examples  of  positive  cells  are  marked  by  arrows. 

Figure  3.  DOC-2  expression  did  not  affect  the  ERK,  JNK,  or  HER-2 tneu  activity.  The 
lysates  isolated  from  the  cells  infected  by  Ad.DOC-2  or  Ad.Luc  as  indicated  in  Figure  2 
were  separated  by  SDS-PAGE  and  the  resulted  blots  were  probed  with  antibodies  of 
DOC-2  (Upstate),  phosphorylated  ERK  and  total  ERK  (Santa  Cruz),  phosphorylated 
tyrosine  (4G10;  Upstate),  total  HER-2/rcew  (Oncogene  Science),  and  ILK  (Upstate).  A. 
SK-BR-3  cells.  B.  MDA-MB-453  cells. 

Figure  4.  DOC-2  expression  inhibited  ILK  kinase  activity.  After  infection  by  either 
Ad.DOC-2  or  Ad.Luc  for  36  h  in  the  absence  of  serum,  cell  lysates  were  prepared  in  the 
immunoprecipitation  buffer  [0.5%  NP-40,  150  mM  NaCl,  50  mM  Tris  ( pH  8.0),  2% 
aprotinin,  5  mM  PMSF,  100  mM  NaF,  2  mM  Na3V04,  1  mM  EDTA].  Five  hundred 
micrograms  of  protein  from  each  sample  was  incubated  at  4°  with  1  pg  of  anti-ILK 
antibody  or  normal  rabbit  IgG  overnight  and  for  another  2  h  after  addition  of  protein  A- 
agarose.  The  immunoprecipitates  were  washed  three  times  with  IP  buffer  and  twice  with 
kinase  buffer  [20  mM  HEPES  (pH7.4),  150  mM  KC1,  5  mM  MnCl2,  5  mM  NaF,  1  mM 
DTT]  and  then  resuspended  in  40  pi  of  kinase  buffer  containing  5  pg  of  myelin  basic 
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protein  and  10  pCi  of  [y-32P]ATP.  Following  30  min  incubations  at  30°,  the  reactions 
were  terminated  with  40  pi  of  2  X  Laemmli  SDS  sample  buffer.  Samples  were  incubated 
for  5  min  at  96°  and  resolved  by  15%  SDS-PAGE  and  visualized  by  autoradiography. 
The  data  were  quantified  by  ImageQuant  software  of  a  Phosphoimager  (Molecular 
Dynamics,  Sunnyvale,  CA  ).  The  fold  reduction  of  ILK  kinase  activity  by  DOC-2 
expression  is  shown.  A.  SK-BR-3  cells.  B.  MDA-MB-453  cells. 
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Matrix  metalloproteinase-9  (MMP-91)  plays  important  roles  in  tumor  invasion  and 
angiogenesis.  Secretion  of  MMP-9  has  been  reported  in  various  cancer  types 
including  lung  cancer,  colon  cancer,  and  breast  cancer.  In  our  investigation  of 
MMP-9  regulation  by  growth  factors,  MMP-9  was  activated  by  heregulin-pl  as 
shown  by  zymography  in  both  SKBr3  and  MCF-7  breast  cancer  cell  lines.  Increase 
in  MMP-9  activity  was  due  to  increased  MMP-9  protein  and  mRNA  levels,  which 
mainly  results  from  transcriptional  upregulation  of  MMP-9  by  heregulm-(31. 
Heregulin-pi  activates  multiple  signaling  pathways  in  breast  cancer  cells,  including 
Eric,  p38  kinase,  PKC,  and  PI3-K  pathways.  We  examined  the  pathways  involved  in 
heregulin-pl-mediated  MMP-9  activation  using  chemical  inhibitors  that  specifically 
inhibit  each  of  these  heregulin-(31-activated  pathways.  The  PKC  inhibitor 
RO318220  and  p38  kinase  inhibitor  SB203580  completely  blocked  heregulin-pl- 
mediated  activation  of  MMP-9.  MEK-1  inhibitor  PD098059  partially  blocked 
MMP-9  activation,  whereas  PI3-K  inhibitor  wortmannin  had  no  effect  on  heregulin- 
pi'-mediated  MMP-9  activation.  Therefore,  at  least  three  signaling  pathways  are 
involved  in  the  activation  of  MMP-9  by  heregulin-pi.  Since  MMP-9  is  tightly 
associated  with  invasion/metastasis  and  angiogenesis,  our  studies  suggest  that 
blocking  heregulin-pi-mediated  activation  of  MMP-9  by  inhibiting  the  related 
signaling  pathways  may  provide  new  strategies  for  inhibition  of  cancer  metastasis 

and  angiogenesis. 


Keywords:  MMP-9;  heregulin-p  1 ;  signaling;  breast  cancer;  invasion 


1  the  abbreviations  used  are:  MMP-9,  matrix  metalloproteinase-9;  Erk,  extracellular 
response  kinase;  PKC,  protein  kinase  C;  PI3-K,  phosphatidylinositol  3-kinase;  PMA, 
phorbol  12-mynstate  13-acetate;  INK,  Jun  amino-terminus  kinase;  TGF,  transforming 

growth  factor. 
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Introduction 

Matrix  metalloproteinase-9  (MMP-9)  belongs  to  a  family  of  zinc-  and  calcium-dependent 
metalloproteinases  which  are  involved  in  the  breakdown  of  extracellular  matrix  during 
tissue  remodeling.  Along  with  other  metalloproteinases,  MMP-9  plays  a  key  role  in 
physiological  processes  such  as  development,  wound  healing,  angiogenesis,  and  also  in 
pathological  processes  such  as  inflammation,  tumor  invasion  and  metastasis  (reviewed  by 
Parks  &  Mecham,  1998). 

Elevated  expression  of  MMP-9  is  associated  with  increased  metastatic  potential  in 
many  cancer  types  including  breast  cancer,  prostate  cancer,  brain  cancer,  and  melanoma 
(Hujanen  et  al.,  1994;  Jones  et  al.,  1999;  Rao  et  al.,  1993;  Sehgal  et  al.,  1996).  For 
example,  MMP-9  was  detected  in  68%  of  primary  breast  carcinomas,  either  in  the 
stromal  compartment  or  adjacent  to  tumor  cells  (Jones  et  al.,  1999).  A  significant, 
correlation  between  the  expression  of  MMP-9  and  tumor  grade  has  also  been  reported  in 
bladder  cancer  (Davies  et  al.,  1993b).’  Also,  MMP-9  activity  was  dramatically  higher  in 
human  malignant  brain  tumors  compared  to  less  malignant  or  normal  brain  tissue  extracts 
(Rao  et  al.,  1993).  Furthermore,  elevated  serum  level  of  MMP-9  was  shown  to  correlate 
with  spontaneous  metastasis  in  rat  mammary  tumor  models  (Nakajima  et  al.,  1993). 
Inhibition  of  MMP-9  expression  and/or  activity  resulted  in  reduction  of  tumor  invasion 
and  metastasis  in  animal  studies  (Davies  et  al.,  1993a;  Garbisa  et  al.,  1987;  Lozonschi  et 
al.,  1999).  Mice  deficient  in  MMP-9  were  viable  but  exhibited  an  abnormal  pattern  of 
skeletal  growth  plate  vascularization  (Vu  et  al.,  1998).  Cultured  growth  plate  cells  from 
MMP-9-null  mice  showed  a  delayed  release  of  some  angiogenic  activators,  suggesting 
that  MMP-9  may  play  a  positive  role  in  regulating  angiogenesis.  This  finding  is 
supported  by  a  recent  report  that  cell  surface-localized  MMP-9  proteolytically  activated 
pro-TGFP  and  promoted  tumor  invasion  and  angiogenesis  (Yu  &  Stamenkovic,  2000). 
However,  MMP-9  can  also  cleave  plasminogen  to  generate  angiostatin,  an  angiogenesis 
inhibitor  (Patterson  &  Sang,  1997). 

Secretion  of  MMP-9  can  be  stimulated  by  a  variety  of  factors  including  cytokines, 
growth  factors,  phorbol  esters,  and  bacteria  endotoxins.  For  example,  epidermal  growth 
factor  and  amphiregulin  stimulate  MMP-9  secretion  in  the  SKBr3  human  breast  cancer 
cell  line  (Kondapaka  et  al.,  1997;  Shima  et  al.,  1993).  TGF-P  also  activates  MMP-9  in 


Page  3 


breast  cancer  and  prostate  cancer  cells  (Samuel  et  al ,  1992;  Sehgal  et  al,  1996;  Welch  et 
al.,  1990).  In  addition,  expressions  of  oncogenic  Ras  and  Src  in  cancer  cells  also  lead  to 
expression  of  MMP-9,  suggesting  that  various  stimuli  may  activate  cellular  signaling 
pathways  controlled  by  these  oncoproteins  to  upregulate  MMP-9  (Ballin  et  al,  1988; 

Sato  et  al.,  1993).  Induction  of  MMP-9  is  also  regulated  through  cell-cell  contacts  and 
cell-extracellular  matrix  interaction.  For  example,  fibroblasts  cultured  with  colon 
carcinoma  cells  were  induced  to  secrete  MMP-9  (Segain  et  al.,  1996). 

Regulation  of  MMP-9  activation  by  various  stimuli  in  different  cellular  settings 
may  involve  different  signal  transduction  pathways.  MMP-9  activity  was  markedly 
stimulated  in  tumor  cell  lines  by  PMA,  a  known  PKC  activator,  suggesting  a  possible  role 
for  PKC  in  activation  of  MMP-9  (Huhtala  et  al,  1991;  Moll  et  al.,  1990).  In  addition, 
PMA-induced  MMP-9  activities  in  UM-SCC-1  cell  line  were  abolished  by  inhibition  of 
p38  kinase  (Simon  et  al,  1998).  Inhibition  of  Erk  activation  by  MEK  inhibitor 
PD098059  blocked  MMP-9  production  and  attenuated  the  in  vivo  invasiveness  of  head 
and  neck  squamous  carcinoma  cells  (Simon  et  al.,  1999).  Involvement  of  JNK  signaling 
pathway  in  regulation  of  MMP-9  is  also  reported  (Gum  et  al,  1997).  Finally,  secretion 
of  newly  synthesized  MMP-9  from  HT1080  human  fibrosarcoma  cells  was  regulated  by 
phospholipase  D  activity  (Williger  et  al,  1999),  which  may  regulate  MMP-9  production 

at  a  late  stage. 

Heregulins  are  a  family  of  growth  factors  that  regulate  growth,  differentiation, 
and  survival  of  breast  cancer  cells  and  various  other  cancer  cells  (Holmes  et  al,  1992; 
Lupu  et  al.,  1990;  Peles  et  al.,  1992).  Heregulin  binds  directly  to  membrane  receptors 
HER3  and  HER4  which  form  heterodimers  with  HER2  (Carraway  et  al,  1994;  Plowman 
et  al,  1993;  Sliwkowski  et  al,  1994).  Heregulin  is  produced  by  both  stroma  cells  such  as 
fibroblasts  and  tumor  cells  including  breast  carcinomas  and  melanomas  (Holmes  et  al, 
1992;  Wen  et  al.,  1992).  Messenger  RNA  transcripts  of  heregulin  were  detected  in  about 
25%  of  human  mammary  carcinomas  (Normanno  et  al.,  1995),  a  percentage  similar  to 
HER2  overexpression.  However,  there  is  no  significant  association  between  expression 
of  these  two  molecules.  The  role  of  heregulins  in  tumor  invasion  and  metastasis  is  not 
yet  clear.  In  this  study,  we  demonstrated  that  heregulin-pl  induced  MMP-9  secretion 


from  MCF-7  and  SKBr3  breast  cancer  cell  lines  via  activation  of  multiple  signaling 
pathways  that  led  to  transcriptional  upregulation  of  MMP-9. 

Results 

HRG-J31  induced  MMP-9  secretion  in  SKBr3  and  MCF-7  breast  cancer  cells 
A  panel  of  breast  cancer  cell  lines  was  examined  for  their  response  to  heregulin-P  1 
treatment  to  secrete  MMP-9.  The  cell  lines  included  MDA-MB-435,  MDA-MB-231, 
MDA-MB-453,  BT-474,  SKBr3,  MCF-7,  and  435.eBl,  a  stable  transfectant  expressing 
high  levels  of  erbB2  derived  from  MDA-MB-435  cells.  Heregulin-pl  treatment 
significantly  increased  MMP-9  gelatinolytic  activity  in  MCF-7  and  SKBr3  cell  lines,  but 
not  in  other  breast  cancer  cell  lines  (Figure  la  and  data  not  shown).  In  contrast,  activities 
of  MMP-2,  another  closely  related  MMP,  was  not  induced  by  heregulin-P  1  treatment  in 
all  cell  lines  examined  at  the  same  time.  Induction  of  MMP-9  gelatinolytic  activity  was 
time-  and  concentration-dependent  and  could  be  readily  detected  when  SKBr3  cells  were 
treated  with  as  low  as  2  ng/ml  heregulin-p  1  -for  24  hours  (Figure  lb).  MCF-7  cells  had  a 
higher  basal  level  of  MMP-9  activity  than  SKBr3  cells.  Nevertheless,  induction  of 
MMP-9  activity  could  be  detected  in  MCF-7  cells  24  hours  after  heregulin-pi  (>5  ng/ml) 
treatment. 

Western  blot  analysis  of  MMP-9  demonstrated  that  heregulin-P  1  induced  MMP-9 
protein  secretion  from  SKBr3  (Figure  2a)  and  MCF-7  cells  (data  not  shown).  The  MMP- 
9  protein  levels  correlated  well  with  MMP-9  gelatinolytic  activity  shown  in  the 
zymographic  assays  (Figure  1).  Therefore,  increased  MMP-9  gelatinolytic  activity 
induced  by  heregulin-p  1  was  due  to  increased  MMP-9  protein  production  and  secretion. 
To  further  examine  whether  heregulin-P  1 -mediated  increase  of  MMP-9  protein  level  was 
mostly  due  to  increased  MMP-9  messenger  RNA  expression,  northern  hybridization 
analysis  and  RT-PCR  were  performed  to  detect  MMP-9  mRNA  in  heregulin-P  1  treated 
and  untreated  SKBr3  cells.  Untreated  SKBr3  cells  had  a  basal  MMP-9  mRNA  level  that 
was  barely  detectable  by  northern  hybridization  (Figure  2b).  However,  an  increase  in 
MMP-9  mRNA  level  could  be  detected  6  hours  after  heregulin-pl  treatment.  The  MMP- 
9  mRNA  levels  continued  to  increase  until  24  hours  after  heregulin-P  1  treatment  (Figure 


2b).  RT-PCR  was  more  sensitive  than  northern  hybridization  and  detected  a  basal  signal 
in  untreated  SKBr3  cells  (Figure  2c).  Additionally,  RT-PCR  results  confirmed  that 
MMP-9  mRNA  level  increased  6  hours  after  heregulin-P  1  treatment  of  SKBr3  cells 
(Figure  2c)  and  MCF-7  cells  (data  not  shown).  Therefore,  increased  MMP-9  messenger 
RNA  levels  contributed  to  increased  MMP-9  protein  levels  in  heregulin-P  1 -treated 
SKBr3  and  MCF-7  cells.  Notably,  the  increase  of  MMP-9  mRNA  levels  was  not  due  to 
increased  MMP-9  mRNA  stability,  because  heregulin-P  1  did  not  significantly  change 
MMP-9  mRNA  decay  rate  (data  not  shown). 

Heregulin- /31  increased  MMP-9  promoter  activities  in  SKBr3  and  MCF-7  cells 

To  examine  whether  the  increase  in  MMP-9  mRNA  level  was  due  to  increased 
transcription  from  the  MMP-9  promoter,  a  luciferase  reporter  gene  driven  by  a  2.2kb 
MMP-9  promoter  (pMMP9-2.2k-luc)  or  by  a  shorter  670bp  MMP-9  promoter  (pMMP9- 
670-luc)  was  transfected  into  SKBr3  cells  and  luciferase  activities  were  measured  (Figure 
3a).  Heregulin-P  1  treatment  led  to  an  approximately  2.4- fold  increase  of  luciferase 
activity  using  both  pMMP9-2.2k-luc  and  pMMP9-670-luc.  This  indicated  that  heregulin- 
p  i  indeed  upregulated  MMP-9  at  the  transcriptional  level  and  that  the  proximal  670bp 
promoter  region  may  contain  the  heregulin-p  1 -response  element(s)  inside  the  2.2kb 
MMP-9  promoter.  To  confirm  this  observation,  pMMP9-670-Luc  reporter  plasmid  was 
transfected  into  MCF.HRG  cells  that  constitutively  secret  the  functional  EGF-like 
domain  of  human  heregulin-P  1,  as  well  as  into  the  MCF.Zeo  control  cell  line.  Figure  3b 
shows  that  luciferase  activity  increased  more  than  2.5-fold  in  MCF.HRG  cells  compared 
to  that  of  MCF.Zeo  cells.  In  addition,  we  cloned  the  670bp  MMP-9  promoter  region 
devoid  of  the  minimal  promoter  region  (-46bp  to  transcriptional  start)  into  a  TK 
promoter-luciferase  reporter  and  transfected  it  into  both  MCF-7  and  SKBr3  cells  treated 
with  or  without  heregulin-P  1 .  Luciferase  activities  from  MMP9-670-TK-luc  reporter 
gene  also  showed  an  approximately  2.4-fold  increase  in  heregulin-P  1 -treated  MCF-7  or 
SKBr3  cells  compared  with  untreated  cells  (Figure  3c).  All  these  data  confirmed  that 
heregulin-P  1  indeed  induced  transcription  from  the  MMP-9  promoter.  It  should  be  noted 
that  the  transcription  induction  by  heregulin-P  1  was  modest  when  compared  to  the 


dramatic  increases  of  gelatino lytic  activities  in  heregulin-p  1 -stimulated  SKBr3  cells. 

This  suggested  that  other  mechanisms  in  addition  to  transcriptional  upregulation  could  be 
involved  in  heregulin-P  1  -induced  MMP-9  activation. 

To  further  define  the  heregulin-P  1  -responsive  elements  in  the  670  bp  MMP-9 
proximal  promoter,  a  series  of  promoter  5'-deletion  constructs  linked  to  the  luciferase 
reporter  gene  was  transfected  into  heregulin-P  1  treated  and  untreated  SKBr3  cells. 
Luciferase  assays  showed  that  promoter  deletion  from  the  5'  end  up  to  -241  bp  did  not 
significantly  change  the  basal  MMP-9  promoter  activity,  but  slightly  decreased  the 
response  of  the  promoter  to  heregulin-P  1  treatment  (Figure  3d).  The  shortest  reporter 
construct  with  only  an  84  bp  promoter  region  (pMMP9-84-luc)  had  dramatically, 
decreased  basal  promoter  activity  and  also  completely  lost  response  to  heregulin-P  1  , 

treatment.  The  data  suggested  that  a  major  heregulin-P  1 -response  element(s)  resides  in 
promoter  region  -84bp  to  -241bp  and  that  the  promoter  regions  from  -241bp  to  -670bp 
also  contribute  to  heregulin-p  1 -induced  transactivation, 

Multiple  signaling  pathways  regulated  her egulin-jdl -induced  MMP-9  secretion 

We  have  previously  shown  that  heregulin-P  1  can  activate  several  signaling  pathways  in 
MCF-7  and  SKBr3  cells  including  Erk,  p38  kinase,  PI3-K,  and  PKC  pathways  (Tan  et 
al.,  1999;  Xiong  et  al.,  2001).  To  examine  which  of  these  signaling  pathways  may  be 
involved  in  induction  of  MMP-9  by  heregulin-P  1,  we  used  chemical  inhibitors  of  these 
signaling  pathways  to  examine  the  requirement  of  activation  of  each  pathway  in 
heregulin-P  1 -mediated  MMP-9  upregulation.  PD098059  is  known  to  selectively  block 
the  activity  of  MAP  kinase  kinase  (MEK),  an  activator  of  Erk  kinases.  SB203580  is  a 
specific  inhibitor  for  p38  kinase.  R03 18220  inhibits  PKC  activity  and  wortmannin 
inhibits  PI3-K  activity.  Different  concentrations  of  these  chemical  inhibitors  were  added 
to  heregulin-P  1 -treated  SKBr3  cells.  Heregulin-P  1 -induced  MMP-9  activation  was 
partially  blocked  by  PD098059  at  concentrations  above  lOpM,  which  partially  inhibited 
heregulin-P  1 -induced  Erk  activation  (Figure  4a).  However,  PD098059  had  no  effect  on 
MMP-2  activity  (Figure  4a).  Wortmannin  had  no  apparent  effect  on  heregulin-P  1- 
mediated  activation  of  MMP-9  even  at  a  high  concentration  of  40  nM  that  effectively 


inhibited  heregulin-p  1 -mediated  activation  of  Akt,  a  downstream  target  of  PI3-K  (Figure 
4b).  Therefore,  the  Erk  pathway  contributes  to  heregulin-P  1 -induced  activation  of  MMP- 
9  while  the  PI-3K  pathway,  despite  its  activation  by  heregulin-P  1,  does  not  contribute  to 
MMP-9  activation. 

Interestingly,  inhibition  of  p38  kinase  by  SB203580  and  inhibition  of  PKC  by 
R03 18220  all  effectively  blocked  heregulin-P  1 -mediated  activation  of  MMP-9  (Figure 
4c  and  4d).  SB203580  inhibited  heregulin-p  1  mediated  MMP-9  upregulation  in  a 
concentration  dependent  manner  and  it  completely  blocked  MMP-9  induction  by 
heregulin-P  1  at  a  concentration  of  lOpM  (Figure  4c).  PKC  inhibitor  R03 18220  was  the 
most  potent  inhibitor  of  heregulin-P  1  -induced  MMP-9  activation.  It  completely  inhibited 
MMP-9  activation  at  a  concentration  of  5pM  (Figure  4d).  This  finding  was  further 
confirmed  by  applying  two  other  PKC  inhibitors  RO320432  and  G06976  (Figure  4d). 
PKC  consists  of  a  family  of  isp forms  including  PKC  a,  P,  s,  and  <£,  which  are 
differentially  activated  and  perform  different  functions.  It  is  known  that  the  IC50  of 
these  PKC  inhibitors  for  PKCa  and  p  are  similar,  but  R03 18220  inhibits  PKCs  at  a 
lower  concentration  than  RO320432  and  G06979  does  not  inhibit  PKCe  (Gschwendt  et 
al.,  1996).  Thus,  more  potent  inhibition  of  MMP-9  activation  by  R03 18220  suggested 
that  PKCs  may  be  an  important  PKC  isoform  in 'mediating  the  upregulation  of  MMP-9  by 
heregulin-p  1. 

We  next  investigated  whether  these  chemical  inhibitors  may  block  heregulin-P  1- 
induced  upregulation  of  MMP-9  mRNA  and  transcription.  Northern  analysis 
demonstrated  that  the  MEK  inhibitor  PD098059  partially  blocked  heregulin-P  1 -induced 
upregulation  of  MMP-9  mRNA  (Figure  5a),  which  is  consistent  with  its  partial  inhibition 
of  MMP-9  activity  (Figure  4a).  Both  R03 1 8220  and  SB203580  completely  blocked  the 
hregulin-pi -induced  increase  of  MMP-9  mRNA  level  (Figure  5a).  Furthermore,  the 
luciferase  assay  on  pMMP9-670-luc  transfected  SKBr3  cells  treated  with  or  without 
heregulin-P  1  revealed  that  PD098059  weakly  inhibited  MMP-9  transcriptional 
upregulation  by  heregulin-P  1  (Figure  5b).  In  contrast,  SB203580  effectively  blocked 
heregulin-P  1 -mediated  MMP-9  transcriptional  upregulation  and  had  no  effect  on  MMP-9 
promoter  basal  activity.  Notably,  the  PKC  inhibitor  R03 1 8220  inhibited  both  heregulin- 
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pi -mediated  MMP-9  transcriptional  upregulation  and  MMP-9  basal  transcription  (Figure 
5b).  These  data  suggested  that  (1)  PKC  contributes  to  both  basal  and  heregulin-P  1- 
induced  expression  of  MMP-9,  (2)  PKC  and  p38  kinase  regulate  heregulin-P  1 -induced 
transcription  of  MMP-9  from  the  MMP-9  promoter,  and  (3)  Erk  kinase  may  partially 
contribute  to  heregulin-P  1 -induced  upregulation  of  MMP-9  expression  and  activity  at 
post-translational  levels. 

It  has  been  reported  previously  that  MMP-9  plays  an  important  role  in  tumor  cell 
invasion  (Hujanen  et  al.,  1994;  Jones  et  al.,  1999;  Rao  et  al.,  1993;  Sehgal  et  al.,  1996). 
To  explore  the  biological  impact  of  heregulin-P  1 -induced  MMP-9  upregulation,  we 
examined  the  effects  of  these  chemical  kinase  inhibitors  on  heregulin-P  1 -induced 
invasion  of  SKBr3  breast  cancer  cells  by  in  vitro  invasion  assay.  As  shown  in  Figure,6a, 
heregulin-P  1 -induced  SKBr3  cell  invasion' could  be  significantly  inhibited  by  PD98059 
and  SB203580  (approximately  70%  inhibition)  and  almost  completely  blocked  by 
R03 18220  (more  than  90%  inhibition).  The  results  demonstrated  that  heregulin-P  1- 
induced  breast  cancer  cell  invasion  can  be  blocked  by  multiple  kinase  inhibitors  that 
inhibit  heregulin-P  T  down-stream  signaling  pathways  for  MMP-9  upregulation.  This 
indicated  that  MMP-9  upregulation  contributed  to  heregulin-P  1 -induced  breast  cancer 
cell  invasion.  - 


Discussion 

In  this  study,  we  demonstrated  that  heregulin-P  1  was  able  to  upregulate  MMP-9  secretion 
in  SKBr3  and  MCF-7  breast  cancer  cell  lines.  This  induction  was  specific  for  MMP-9 
since  heregulin-P  1  did  not  induce  secretion  of  MMP-2,  another  closely  related  gelatinase, 
under  the  same  experimental  conditions  (Figure  1).  Despite  high  homology  in  their 
amino  acid  sequences,  the  promoters  of  MMP-9  and  MMP-2  consist  of  different  cis- 
elements  (Parks  &  Mecham,  1998),  hence  respond  to  different  stimuli. 

Among  a  panel  of  seven  breast  cancer  cell  lines,  significant  increases  of  MMP-9 
activity  after  heregulin-P  1  treatment  were  observed  in  SKBr3  and  MCF-7  cell  lines. 

Both  MCF-7  and  SKBr3  cells  have  relatively  high  expression  of  HER3  receptors  for 
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heregulins  (Aguilar  et  al.,  1999),  which  may  contribute  to  the  induction  of  MMP-9  by 
heregulin-p  1 .  However,  other  cell  lines  with  high  HER3  expression  (such  as  MDA-MB- 
453  or  BT474)  did  not  respond  to  lieregulin-pl  to  upregulate  MMP-9.  This  can  generally 
be  ascribed  to  cell  type  specificity,  as  different  cell  lines  may  have  different  levels  of 
signaling  molecules  and  downstream  transcription  factors.  We  have  demonstrated  that 
blockage  of  either  Erk  kinase  activation,  p38  activation,  or  PKC  activation  could  inhibit 
MMP-9  production  (Figures  4  and  5).  Therefore,  the  inability  of  breast  cancer  cells  to 
activate  all  these  pathways  to  certain  threshold  levels  might  account  for  their  inability  to 
produce  MMP-9.  An  extensive  examination  of  the  activation  levels  of  signaling 
pathways  in  heregulin-P  1  responsive  and  non-responsive  cell  lines  may  clarify  this  issue. 

.  Heregulin-P  1 -induced  increases  of  MMP-9  gelatinolytic  activity  were 
accompanied  by  increased  MMP-9  protein  level,  which  is  likely  the  result  of  upregulated 
MMP-9  mRNA  level  (Figure  2).'  In  contrast  to  the  dramatic  increase  in  MMP-9  protein 
level  after  heregulin-P  1  treatment,  induction  of  transcription  from  the  MMP-9  promoter 
as  indicated  by  the  luciferase  assay  was  moderate  (about  2.4  fold,  Figure  3). 

Furthermore,  no  significant  change  in  MMP-9  mRNA  stability  was  observed  in  SKBr3 
cells  untreated  or  treated  with  heregulin-P  1  (data  not  shown).  Thus,  the  apparent 
difference  in  the  degrees  of  MMP-9  upregulation  at  protein  and  RNA  levels  could  be  due 
to  the  regulation  of  MMP-9  via  other  mechanisms  such  as  translational  and/or  post- 
translational  regulations.  Alternatively,  some  heregulin-P  1 -responsive  elements  may 
reside  outside  the  2.2kb  MMP-9  promoter  region  used  in  our  study.  Lastly, 
transcriptional  upregulation  of  MMP-9  by  heregulin-P  1  could  be  moderate  in  nature, 
since  heregulin-P  1  -induced  transactivation  from  other  promoters  was  reported  to  be 
moderate  as  well  (Gramolini  et  al.,  1999;  Khurana  et  al.,  1999,  Xiong  et  al.,  2001). 

It  has  been  reported  that  inhibition  of  the  Erk  kinase  pathway  blocked  MMP-9 
production  in  other  cell  lines  (Simon  et  al.,  1999).  However,  only  partial  inhibition  of 
heregulin-P  1 -induced  MMP-9  upregulation  by  PD098059  was  observed  in  SKBr3  cells 
(Figure  4a)  when  cells  were  treated  with  20pM  PD098059.  This  partial  inhibition  might 
be  due  to  incomplete  block  of  the  Erk  activation  in  SKBr3  cells  at  the  20pM 
concentration  of  PD098059  (Figure  4a,  right).  Further  increase  of  PD098059 
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concentration  in  culture  medium  to  40jxM  resulted  in  precipitation  and  crystallization  of 
PD098059.  Thus,  we  were  unable  to  determine  whether  higher  concentrations  of 
PD098059  could  completely  inhibit  Erk  activity  and  block  heregulin-P  1-induced  MMP-9 
upregulation  in  SKBr3  cells. 

A  striking  finding  in  this  study  was  that  induction  of  MMP-9  by  heregulin-P  1  was 
not  dependent  on  the  activation  of  a  single  signaling  pathway  but  rather  dependent  on  at 
least  three  signaling  pathways;  namely  the  Erk  pathway,  PKC  pathway,  and  p38  kinase 
pathway.  Although  each  single  pathway  was  previously  shown  to  be  involved  in  MMP-9 
production  in  different  cellular  settings  (Huhtala  et  al.,  1991;  Moll  et  al.,  1990;  Simon  et 
al.,  1998;  Simon  et  al.,  1999),  our  study  is  the  first  to  report  that  heregulin-pi  can 
upregulate  MMP-9  via  simultaneous  activation  of  multiple  pathways  in  breast  cancer 
cells  (Figure  6b).  The  chemical  inhibitors  we  used,  to  block  the  function  of  various 
kinases  are  reported  to  be  highly  specific  (Simon  et  al.,  1998;  Simon  et  al.,  1999)  and 
caused  no  apparent  phenotypical  changes  in  cells  during-the  assay.  Among  these, 
inhibitors  that  block  PKC  and  p38  pathways  had  the  most  potent  inhibitory  effects, 
suggesting  that  PKC  and  p38  kinases  may  be  more  critical  than  the  Erk  kinase  in 
heregulin-pi -mediated  MMP-9  induction  in  breast  cancer  cells.  Interestingly,  inhibition 
of  the  PI3-K  pathway  had  no  effect  on  MMP-9  induction  by  heregulin-P  1 .  We  have 
previously  reported  that  heregulin-P  1  regulates  MCF-7  cell  aggregation  through  the  PI3- 
K  pathway  (Tan  et  al.,  1999).  Therefore,  heregulin-P  1  can  regulate  distinct  cellular 
processes  through  different  signaling  pathways. 

Considering  the  possible  involvement  of  several  signaling  pathways  in  MMP-9 
activation,  we  propose  two  models  to  interpret  our  results.  In  the  first  model,  we 
hypothesize  that  there  is  “cross-talk”  between  signaling  pathways  so  that  blocking  one  of 
the  signaling  pathways  may  affect  the  activation  of  another  pathway.  Indeed,  some 
recent  publications  point  out  that  PKC  may  function  upstream  of  the  p38  kinase  pathway 
(Kozawa  et  al.,  2000;  Simon  et  al.,  1998).  However,  it  is  unlikely  that  all  three  pathways 
(Erk,  p38,  PKC)  are  activated  in  a  sequential  order.  Therefore,  an  alternative  model  is 
that  signals  from  all  three  pathways  could  merge  on  a  common  target  complex  and 
activation  of  this  common  target  requires  input  from  each  single  pathway.  When  the 
overall  input  reaches  a  threshold,  transcription  of  MMP-9  is  turned  on.  This  model 
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explains  why  blockage  of  a  single  pathway  may  abolish  MMP-9  expression,  and  also 
why  increased  signals  from  one  pathway  (e.g.  Erk  pathway  or  PKC  pathway)  could  lead 
to  MMP-9  production  (Gum  et  al.,  1997;  Huhtala  et  al.,  1991;  Moll  et  al.,  1990).  We  are 
currently  investigating  these  possibilities. 

Our  finding  that  multiple  signaling  pathways  control  the  upregulation  of  MMP-9 
by  heregulin-pi  (and  possibly  stimulation  by  other  growth  factors)  has  broadened  our 
knowledge  on  the  regulation  of  this  important  molecule  involved  in  tumor  invasion  and 
metastasis.  Our  study  implies  that  activation  of  MMP-9  by  heregulin-pi  may  highly 
depend  on  the  nature  of  different  breast  tumors,  such  as  their  receptor  levels  and 
intracellular  signaling  networks.  In  addition,  we  can  target  more  than  one  signaling 
pathway  to  repress  MMP-9  expression.  Indeed,  applications  of  PD098059,  SB203580, 
and  R03 18220  all  dramatically  inhibited  breast  cancer  cell  invasion  in  vitro  (Figure  6a). 
These  data  provide  insights  and  more  options  for  future  clinical  interventions  of 
heregulin-pi -induced  MMP-9  upregulation  arid  invasion  of  breast  cancers. 
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Materials  and  Methods 


Reagents  . 

Recombinant  human  heregulin-pi  was  purchased  from  NeoMarkers  (Fremont,  CA). 
Wortmannin,  PD098059,  G06976,  RO318220,  RO320432,  SB203580,  and  PMA  were 
from  Calbiochem  (La  Jolla,  CA).  MMP-9  antibody  (Ab-1)  was  purchased  from 
Calbiochem  (La  Jolla,  CA).  Antibodies  against  Akt,  p38,  and  Erk  (including 
phosphorylated  forms)  were  purchased  from  New  England  BioLabs  (Beverly,  MA). 
MMP-9  CAT  reporter  plasmids  were  kindly  provided  by  Dr.  Douglas  Boyd  from  the 
University  of  Texas  M.  D.  Anderson  Cancer  Center.  These  include  a  panel  of  serial 
deletion  constructs  (pMMP9-670CAT,  pMMP9-323CAT,  pMMP9-241CAT,  and 
pMMP9-84CAT).  The  promoter  regions  were  subcloned  using  PCR  method  in(o  pGL3- 
Basic  Iuciferase  reporter  (Promega)  to  make  pMMP9  luciferase  reporters.  The  2.2kb 
MMP-9  promoter  was  obtained  by  PCR  using  HT1080  genomic  DNA  as  a  template  and 
primers  of,  forward  5’-GGTACCAGAGCCAGGCAGTTCTGG  GCTTGAACACTA-3’, 
reverse  5  ’-GAATT CC ACT GGGGCAACCCCCT GTCTT CC-3  ’ .  The  PCR  fragment  is 
subcloned  into  pMMP9-670Luc  and  fused  with  the  proximal  promoter  to  generate 
pMMP9-2.2k-Luc. 

Zymographic  Assay 

Cells  were  seeded  onto  6-well  tissue  culture  plates  in  DMEM/F12  medium  with  10% 

FBS  and  were  cultured  to  80%  confluence.  Cells  were  then  washed  and  starved  in 
serum-free  media  for  16  hours.  Recombinant  heregulin-pi  was  added  to  a  final 
concentration  of  lOng/ml.  After  24hr,  conditioned  media  were  collected  and  concentrated 
10- fold  using  Centricon  spin  columns  (Amicon,  Beverly,  MA)  from  2  ml  to  0.2  ml. 
Concentrated  samples  were  subjected  to  7.5%  SDS-PAGE  with  gel  containing  1%  gelatin 
(Sigma).  After  electrophoresis,  the  gel  was  washed  four  times  in  50  mM  Tris-HCl  buffer 
(pH  7.5)  containing  2%  Triton  X-100.  The  gel  was  then  washed  once  in  50  mM  Tris-HCl 
buffer  (pH  7.5)  containing  0.2%  Triton  X-100,  150  mM  sodium  chloride,  10  mM  calcium 
chloride,  and  1  pM  zinc  chloride,  and  incubated  in  the  same  buffer  overnight  at  37°C. 

The  gel  was  then  stained  using  0.2%  Coomassie  Brilliant  Blue  R250  in  45%  methanol 


and  10%  acetic  acid  for  one  hour  and  was  destained  in  20%  ethanol  and  5%  acetic  acid 
until  the  bands  were  seen. 

Northern  Hybridization 

Total  RNA  was  prepared  using  RNAzolB  reagent  (TEL-TEST  Inc.,  Friendswood,  TX) 
following  manufacturer’s  instructions.  Plasmid  carrying  partial  MMP-9  cDNA 
(pCR92ColIV)  was  kindly  provided  by  Dr.  Douglas  Boyd  from  the  University  of  Texas 
M.  D.  Anderson  Cancer  Center.  PCR92ColIV  was  digested  with  Hindlll  and  EcoRI  to 
release  a  ~500bp  fragment  which  is  unique  in  sequence  and  does  not  have  a  homologous 
region  in  other  MMPs.  20  ug  total  RNA  were  separated  by  a  1%  agarose  gel  containing 
0.4  M  formaldehyde  and  lx  MOPS  buffer.  RNA  was  transferred  to  a  nylon  membrane 
(Hybond-N+,.  Amersham)  and  crosslinked  using  UV  Stratalinker  (Stratagene).  The  • 
membrane  is  prehybridized  in  hybridization  buffer  containing  50%  formamide,  5x  SSPE, 
2x  Denhardt's  reagent,  and  0.1%  SDS  at  42°C  for  1  hour.  32P-labeled  MMP-9  probe  was 
added  to  prehybridized  membrane  and  hybridized  overnight  at  42°C.  The  membrane  was 
washed  with  0.5x  SSC  and  0.05%  SDS  for  20  min  at  60°C  followed  by  washing  in  the 
same  buffer  for  5  min  at  room  temperature.  The  membrane  was  then  dried  and  subjected 
to  autoradiography. 

RT-PCR 

Reverse  transcription  reaction  was  performed  using  Superscript™  Pre-amplification 
System  from  Life  Technologies  Inc.  (Rockville,  MU)  following  the  protocol  provided  by 
the  supplier.  Primer  sequences  for  MMP-9  cDNA  PCR  are  5’-CTCCTCCCTTTCCTCC 
AGAACAGAA-3  ’  (forward)  and  5’-GGAGCCGCTCTCCAA  GAAGCTT-3’  (reverse). 
Primer  sequences  for  P-actin  cDNA  PCR  are  5’-GGCATGGG  TC AGAAGGATTCG-3 ’ 
and  5’-AGCACAGCCTGGATAGCAACG-  3’.  Primers  were  used  at  a  final  concentra¬ 
tion  of  0.5pM.  Reaction  mixture  was  first  denatured  at  94°C  for  lmin.  The  PCR 
condition  was  94°C  30  sec,  58°C  30  sec,  72°C  45  sec,  for  30  cycles,  followed  by  94°C  30 
sec  and  72°C  5min. 


Luciferase  Assay 


MCF-7  and  SKBr3  cells  were  transfected  with  LipofectAMINE  following  the  protocol 
provided  by  the  supplier  (Life  Technologies,  Inc.)  After  5  hr,  the  media  was  changed  to 
serum-free  media.  After  overnight  culture,  heregulin-pi  was  added  to  fresh  serum-free 
media  at  a  final  concentration  of  10  ng/ml  and  cells  were  incubated  for  24  hr  and  scraped 
off  into  1  ml  PBS.  Cells  were  spun  down  and  lysed  in  200pl  Passive  Lysis  Buffer 
(Promega).  After  one  cycle  of  freeze-and-thaw,  cells  were  spun  down  and  lOpl 
supernatant  were  used  in  luciferase  assay  using  Microtiter®  Plate  Luminometer  (Dynex 
Technologies,  Chantilly,  VA). 

In  vitro  Chemoinvasion  Assay 

SKBr3  cells  in  serum-free  DMEM/F 1 2  were  pretreated  with  inhibitors  (20pM' 
PD098059,  2pM  R03 18220,  and  5pM  SB203580)  for  one  hour  before  addition  of 
2Qng/ml  heregulin-P-1  for  24  hours.  Polycarbonate-membrane  invasion  chambers  from 
24-well  Transwell  plates  (Coming  Incorporated,  Coming  NY)  were  coated  with  a  1:80 
dilution  of  Matrigel  matrix  (BD  Biosciences,  Bedford,  MA)  and  allowed  to  dry 
overnight.  Chambers  were  rehydrated  for  3  hours  in  PBS  before  SKBr3  cells  (3.5  X  104 
cells  in  0.1ml  of  DMEM/F12  +  0.1%BSA)  were  loaded  into  the  chambers  with  or 
without  heregulin  and  inhibitors.  0.6ml  of  40pg/ml  Fibronectin  (BD  Biosciences, 
Bedford,  MA)  in  the  bottom  of  the  wells  served  as  chemoattractants  and  0.6ml 
DMEM/F12  +  0. 1%BSA  as  a  negative  control.  The  invasion  was  allowed  to  proceed  for 
72  hours,  followed  by  fixation,  staining,  and  counting  of  cells  as  previously  described 
(Tan  etal.,  1997). 
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Legends  to  Figures 

Figure  1  Heregulin-p  1  increased  MMP-9  activity  in  breast  cancer  cells,  (a)  Induction  of 
MMP-9  gelatino lytic  activity  by  heregulin-P  1  in  SKBr3  and  MCF-7  breast  cancer  cell 
lines.  Cells  were  starved  in  serum- free  medium  for  12  hr  and  then  treated  with 
recombinant  heregulin-p  1  at  a  final  concentration  of  20  ng/ml.  Cells  were  harvested  24 
hr  later  and  conditioned  medium  concentrated  and  subjected  to  zymography.  Relative 
fold  of  induction  of  MMP-9  in  SKBr3  and  MCF-7  cells  was  quantitated  by  densitometry. 
Supernatant  from  mouse  cell  line  B104-1-1  was  used  as  a  positive  control  of  MMP-2.  (b) 
Dose-  and  time-dependent  activation  of  MMP-9  by  heregulin-P  1  in  SKBr3  and  MCF-7 
breast  cancer  cell  lines.  Zymographic  assay  was  performed  as  in  (a)  with  the  indicated 
concentrations  of  heregulin-P  1  for  24hr  (left)  or  the  indicated  time  with  10  ng/ml 
heregulin-P  1 . 

Figure  2  Upregulation  of  MMP-9  protein  and  mRNA  expression  by  heregulin-pi  in 
breast  cancer  cells,  (a)  Western  blot  analysis  of  MMP-9  protein  expression  in  conditioned 
medium  after  heregulin-P  1  stimulation.  SKBr3  cells  were  starved  for  12  hr  and 
stimulated  with  the  indicated  concentrations  of  heregulin-P  1.  Conditioned  media  were 
collected  after  20hr  and  concentrated.  Western  blot  analysis  was  performed  using  an 
antibody  against  MMP-9.  (b)  and  (c)  Heregulin-p  1  increased  messenger  RNA  level  of 
MMP-9  in  SKBr3  cells.  SKBr3  cells  were  starved  and  treated  with  lOng/ml  heregulin-p  1 
for  the  indicated  times.  Total  RNAs  were  prepared  and  equal  amounts  of  RNA  were 
subjected  to  Northern  analysis  (b)  or  used  to  perform  RT-PCR  experiments  (c).  MMP-9 
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signal  was  shown  as  a  PCR  band  of  520  bp  and  p-actin  mRNA  of  287bp  was  also 
amplified  by  RT-PGR  in  the  same  reaction  as  a  loading  control. 

Figure  3  Heregulin-P  1  induced  transcription  upregulation  from  MMP-9  promoter  in 
SKBr3  and  MCF-7  cells,  (a)  SKBr3  cells  were  transfected  with  luciferase  reporter 
plasmids  carrying  a  full-length  MMP-9  promoter  (pMMP9-2.2k-luc),  or  a  proximal 
promoter  (pMMP9-670-luc).  Cells  were  starved  overnight  after  transfection  and  then 
stimulated  with  lOng/ml  heregulin-pi  for  24  hr.  Cell  lysates  were  prepared  and  subjected 
to  luciferase  assay,  (b)  MCF-7.Zeo  and  MCF.HRG  cell  lines  were  transfected  with 
pMMP9-670-luc  and  luciferase  assay  performed  40  hrs  after  transfection,  (c)  MCF-7  and 
SKBr3  cells  were  transfected  with  pMMP9-670-TK-Luc.  Cells  were  treated  with 
heregulin-pi  and  the  luciferase  assays  were  performed  as  in  (a),  (d)  Defining  heregulin- 
P1 -responsive  region  in  MMP-9  proximal  promoter.  SKBR3  cells  were  transfected  with 
the  indicated  luciferase  reporter  constructs  carrying  different  length  of  MMP-9  promoter 
regions.  Heregulin  treatment  and  luciferase  assay  were  performed  as  in  (a). 

Figure  4  Effects  on  heregulin-pi -induced  activation  of  MMP-9  using  chemical  inhibitor 
PD098059  (a),  wortmannin  (b),  SB203580  (c),  and  PKC  inhibitors  (d).  SKBr3  cells 
were  starved  for  12  hours  and  then  stimulated  with  10  ng/ml  heregulin-pi  in  the  presence 
of  the  indicated  concentrations  of  the  chemical  inhibitors.  After  24  hours  of  incubation, 
conditioned  media  were  collected,  concentrated,  and  subjected  to  zymographic  assay  (a- 
d,  left  panels).  To  test  the  efficacy  of  inhibitors,  SKBr3  cells  were  starved  for  12  hours, 
pretreated  with  the  inhibitors  at  the  indicated  concentrations  for  1  hour,  and  stimulated  by 
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lOng/ml  heregulin-pi  for  7  min.  Cell  lysates  were  prepared  and  subjected  to  Western 
blot  analysis  using  antibodies  against  Erk,  Akt,  and  p38  (a-c,  right  panels). 
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Figure  5  Effect  of  PD098059,  SB203580,  and  R03 18220  on  heregulin-pi -induced 
upregulation  of  MMP-9  mRNA  level  and  MMP-9  transcription,  (a)  SKBr3  cells  were 
starved  and  treated  with  lOng/ml  heregulin-pi  in  the  presence  or  absence  of  the  indicated 
inhibitors  (20jiM  PD098059, lOpM  SB203580,  or  5pM  RO318220)  for  20  hours.  Total 
RNA  were  prepared  and  subjected  to  Northern  analysis  with  the  MMP-9  cDNA  probe 
(upper  panel)  or  with  GAPDH  probe  as  an  internal  loading  control,  (b)  SKBr3  cells  were 
transfected  with  pMMP9-670Luc.  Cells  were  starved  after  transfection  and  treated  with 
lOng/ml  heregulin-pl  for  24  hours  along  with  the  same  concentrations  of  chemical 
inhibitors  used  in  (a)  or  with  DMSO  as  a  control.  Cell  lysates  were  then  prepared  and 
subjected  to  luciferase  assay. 

Figure  6  (a)  Inhibition  of  invasion  of  heregulin-pi -treated  SKBr3  cell  by  PD098059, 
R03 18220,  and  SB203580.  SKBr3  cells  in  serum-free  DMEM/F12  were  pretreated  with 
or  without  inhibitors  (20pM  PD098059,  2pM  R03 18220,  and  5pM  SB203580)  for  one 
hour,  then  20ng/ml  heregulin-P-1  was  added.  Cells  were  collected  24  hours  later, 
retreated,  and  plated  in  the  upper  chambers  (3.5X104  cells  in  0.1ml  DMEM/F12  + 
0.1%BSA)  and  allowed  to  invade  for  72  hours.  Negative  controls  are  untreated  cells  with 
no  chemoattractant  (fibronectin)  in  the  bottom  chamber  of  the  Transwell.  Invading  cells 
were  counted  in  6  High  Power  Fields  per  well.  Duplicate  wells  were  assayed  for  each 
sample.  The  bars  represent  the  percent  of  invading  cells  compared  to  the  heregulin- 
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treated  sample  without  inhibitors.  The  experiments  have  been  repeated  three  times,  (b) 
A  model  of  pathways  involved  in  heregulin-pl  -induced  MMP-9  expression.  Heregulin- 
pi  binds  to  ErbB3  or/and  ErbB4  receptors  which  induce  heterodimization  of  these 
receptors  with  the  ErbB2  receptor.  This  leads  to  activation  of  down-stream  signaling 
pathways,  among  which  are  MEK  Erk,  PLCy  -»  PKC,  PAK1  ->  p38,  and  PI3-K  -»  Akt 
pathways.  This  study  shows  that  Erk,  PKC,  and  p38  pathways  are  involved  in  heregulin 
pi -induced  upregulation  of  MMP-9. 
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Relative  fold  induction:  1  16  ~  1  4 
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ABSTRACT 

The  recombinant  humanized  anti-ErbB2/HER2  monoclonal  antibody  Herceptin™  (Trastuzumab) 
has  been  shown  to  significantly  enhance  the  tumoricidal  effects  of  anti-tumor  drugs  such  as 
paclitaxel  (taxol)  in  patients  with  ErbB2-overexpressing  breast  cancers.  Here,  we  investigated 
the  molecular  mechanisms  by  which  Herceptin  enhances  the  anti-tumor  effects  of  taxol.  Since 
activation  of  p34Cdc2  is  required  for  taxol-induced  apoptosis  and  since  overexpression  of  ErbB2 
blocks  taxol-induced  apoptosis  by  inhibiting  p34cdc2  activation,  we  studied  the  effect  of 
Herceptin  treatment  on  p34Cdc2  kinase  activation  and  apoptosis  in  taxol-treated  human  breast 
carcinoma  cell  lines  MDA-MB-435,  SKBr3,  MDA-MB-453,  and  435.eB,  which  is  an  ErbB2 
transfectant  of  MDA-MB-435.  Herceptin  treatment  downregulated  ErbB2,  reduced  the 
inhibitory  phosphorylation  of  Cdc2  on  Tyrl5,  and  downregulated  the  expression  ofp21Cip  ,  a 
Cdc2  inhibitor.  Herceptin  plus  taxol  treatment  led  to  higher  levels  of  p34Cdc2  kinase  activity  and 
apoptosis  in  ErbB2-overexpressing  breast  cancer  cells,  which  is  likely  due  to  inhibition  of  Cdc2- 
Tyrl5  phosphorylation  and  p21Cipl  expression.  Since  significant  dephosphorylation  of  Cdc2- 
Tyrl5  and  down-regulation  of  p21cipl  occur  at  least  24  h  after  Herceptin  treatment,  we 
investigated  whether  24  h  Herceptin  pretreatment  will  render  ErbB2-overexpressing  breast 
cancer  cells  more  sensitive  to  taxol-induced  apoptosis  compared  to  the  simultaneous  treatment  of 
Herceptin  plus  taxol.  Indeed,  Herceptin  pretreatment  increased  taxol-induced  apoptosis  and 
cytotoxicity  in  vitro,  and  more  effectively  inhibited  the  growth  of  tumor  xenografts  with 
enhanced  in  vivo  apoptosis.  Thus,  Herceptin  treatment  of  ErbB2-overexpressing  cells  can  inhibit 
ErbB2-mediated  Cdc2-Tyrl5  phosphorylation  and  p21Cipl  upregulation,  which  allows  effective 
p34Cdc2  activation  and  induction  of  apoptosis  upon  taxol  treatment.  Herceptin  pretreatment 
renders  ErbB2-overexpressing  breast  cancers  more  susceptible  to  taxol-induced  cell  death,  which 
may  have  important  clinical  therapeutic  implications. 
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INTRODUCTION 

The  erbB2  gene  (also  known  as  HER2,  neu)  encodes  a  185-kDa  transmembrane  glycoprotein 
(pi  85ErbB2),  that  belongs  to  the  epidermal  growth  factor  receptor  (EGFR)  family  of  receptor 
tyrosine  kinases  (RTKs)  (1,2).  The  ErbB2  RTK  can  be  involved  in  the  regulation  of  a  variety  of 
vital  functions  controlled  by  any  of  the  ErbB-receptor  family  members,  including  cell  growth, 
differentiation,  and  apoptosis  (3).  The  ErbB2  RTK  plays  an  important  role  in  human 
malignancies.  It  is  overexpressed  in  approximately  30%  of  human  breast  carcinomas  (4,  5)  and 
in  many  other  types  of  human  malignancies  (6).  Studies  of  individuals  with  ErbB2  - 
overexpressing  tumors  have  shown  that  they  have  a  significantly  lower  overall  survival  rate  and 
a  shorter  time  to  relapse  than  those  patients  whose  tumors  did  not  overexpress  ErbB2.  ErbB2 
overexpression  has  been  correlated  positively  with  lymph  node  metastasis  in  node-positive 
patients  (5,  7-9).  We  have  also  observed  that  ErbB2  overexpression  can  enhance  the  intrinsic 
metastatic  potential  of  breast  cancer  cells  (10). 

In  addition  to  conferring  aggressive  malignant  behavior,  ErbB2  overexpression  has  been 
observed  to  affect  the  sensitivity  of  breast  cancer  cells  to  several  anticancer  agents  (3).  Our 
previous  studies  demonstrated  that  ErbB2  overexpression  in  breast  cancer  cells  confers  increased 
resistance  to  the  chemotherapeutic  agent  paclitaxel  (taxol)  (11,  12).  This  is  supported  by  another 
study  in  which  Herceptin,  a  humanized  anti-  ErbB2  antibody,  enhanced  the  antitumor  activity  of 
taxol  and  doxorubicin  against  ErbB2-overexpressing  human  breast  cancer  xenografts  (13). 
Furthermore,  results  of  the  Herceptin  phase  III  trial  demonstrated  that  the  taxol  response  rate  of 
patients  with  ErbB2-overexpressing  breast  cancers  was  significantly  higher  among  patients 
receiving  taxol  plus  Herceptin  than  those  receiving  taxol  alone  (14, 15). 
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Herceptin  (or  Trastuzumab)  was  developed  from  anti-pl85ErbB2  murine  monoclonal 
antibody  (muMAb  4D5)  that  binds  to  the  extracellular  domain  of  ErbB2  and  downregulates  the 
expression  of  cell-surface  ErbB2  proteins  (16).  Herceptin  has  demonstrated  tumor  inhibitory  and 
chemosensitizing  effects  to  taxol  and  several  chemotherapeutic  agents  in  preclinical  studies  and 
in  phase  II  and  phase  III  clinical  trials  (13,  14,  17,  18).  Currently,  Herceptin  is  the  only  U.S. 

FDA  approved  antibody  therapeutic  for  treatment  of  cancers  that  overexpress  ErbB2. 
Impressively,  Herceptin  treatment  significantly  improved  the  taxol  response  rates  of  patients 
with  ErbB2  overexpressing  breast  cancers  (14, 15). 

Taxol  is  a  potent  and  highly  effective  anti-neoplastic  agent  in  the  treatment  of  advanced, 
drug-refractory,  metastatic  breast  cancers  (19,  20).  Taxol  induces  tubulin  polymerization  and 
microtubule  formation  (21),  blocks  the  cell  cycle  in  mitosis,  and  induces  programmed  cell  death 
(apoptosis)  (22).  Taxol  may  induce  apoptosis  through  different  mechanisms  depending  on  cell 
lines  and  culture  conditions,  which  can  involve  JNK  activation,  NF-kB  activation,  p66  She 
phosphorylation,  or  MAP  kinase  pathways  (ERK  and  p38)  and  can  be  p53  independent  (23-28)). 
Recently,  we  demonstrated  that  activation  of  p34cdc2  is  required  for  taxol-induced  apoptosis  of 
breast  cancer  cells  (12).  Furthermore,  we  found  that  at  least  two  mechanisms  are  involved  in  the 
ErbB2  inhibition  of  p34Cdc2  activation  and  taxol-induced  apoptosis.  First,  ErbB2  overexpression 
can  inhibit  p34Cdc2  activation  and  apoptosis  in  taxol-treated  breast  cancer  cells  by  upregulating 
p21Cipl,  an  inhibitor  of  cell  cycle  dependent  kinases  (12).  Second,  ErbB2  overexpression  can 
inhibit  p34Cdc2  activation  and  taxol-induced  apoptosis  by  increasing  phosphorylation  of  Cdc2  on 
Tyrl5,  a  critical  inhibitory  phosphorylation  site  on  p34cdc2  (29). 

Based  on  these  understandings  of  the  mechanisms  of  ErbB2-mediated  taxol  resistance, 
we  hypothesized  that  Herceptin  may  sensitize  ErbB2  overexpressing  breast  cancer  cells  to  taxol- 
induced  apoptosis  by  allowing  efficient  activation  of  p34Cdc2  kinase  after  taxol  treatment.  In  this 
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study,  we  investigated  whether  Herceptin  treatment  of  ErbB2  overexpressing  breast  cancer  cells, 
by  down-regulation  of  ErbB2,  could  lead  to  inhibition  of  p21c,pl  expression  and  reduced  Cdc2- 
Tyrl5  phosphorylation,  which  allows  for  efficient  p34cdc2  activation  and  apoptosis  when  cells 
are  treated  with  taxol.  We  also  investigated  whether  Herceptin  pretreatment,  which  renders 
ErbB2  overexpressing  breast  cancer  cells  more  susceptible  to  p34cdc2  activation  and  apoptosis 
upon  taxol  treatment,  more  effectively  sensitized  these  cells  to  taxol-induced  apoptosis. 


MATERIALS  AND  METHODS 

Cell  Lines  and  Culture.  Human  breast  cancer  cell  lines  MDA-MB-435,  the  435. eB 
transfectants,  SKBr3,  and  MDA-MB-453  were  obtained,  established,  and  cultured  as  previously 
described  (11,  Yu,  1998b  #1837). 

Antibodies  and  Reagents.  Herceptin  was  provided  by  Genentech,  Inc.  (South  San  Francisco, 
CA).  Rhu  IgGl  was  purchased  from  Calbiochem  (San  Diego,  CA),  and  paclitaxel  (taxol)  from 
the  Bristol  Myers-Squibb  Company  (Princeton,  NJ).  Human  pl85ErbB2  monoclonal  antibody 
(Ab-3)  was  purchased  from  Oncogene  Science,  Inc.  (Cambridge,  MA),  and  human  p21Clf> 
polyclonal  and  p34cdc2  monoclonal  antibodies  from  Santa  Cruz  Biotechnology,  Inc.  (Santa  Cruz, 
CA).  Phospho  Tyrl5-p34Cdc2  polyclonal  antibody  was  purchased  from  Cell  Signaling 
Technology,  Inc.  (Beverly,  MA). 

Herceptin  Treatment  and  Western  Blot  Analysis.  Cells  were  cultured  to  approximately  80% 
confluence  before  Herceptin  treatment.  Cells  were  then  incubated  with  either  10  or  20  nM 
Herceptin  for  24,  36,  or  48  h,  depending  on  the  cell  line.  Cells  were  washed  with  cold  PBS  and 
lysed  with  immunoprecipitation  buffer  (1%  Triton  X-100;  150  mM  NaCl;  10  mM  Tris  at  pH  7.4, 
1  mM  ethylene  glycol-bis-tetraacetic  acid;  0.2  mM  sodium  vanadate;  1  mM  EDTA;  0.2  mM 
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phenylmethylsulfonyl  fluoride;  and  0.5%  NP-40).  One  hundred  micrograms  of  protein  from 
each  sample  was  separated  by  8%  or  12%  SDS-PAGE,  transferred  to  a  nitrocellulose  membrane 
(Bio-Rad,  Hercules,  CA),  and  probed  by  specific  antibodies  against  pi 85ErbB2,  phospho  Tyrl5- 
p34Cdc2,  p21cipI,  and  p34Cdc2.  Protein  signals  were  detected  using  the  enhanced 
chemiluminescence  detection  system  (Amersham  Corp.,  Arlington  Heights,  IL). 
Immunocomplex-kinase  Assays.  Fourteen  hours  after  cells  were  plated,  the  culture  medium 
was  replaced  with  medium  containing  0.5%  FBS  with  or  without  Herceptin  (10  or  20  nM)  for  24 
h.  Then  cells  were  treated  with  or  without  taxol  (0.02  or  0.05  pM)  for  different  time  periods  (3 
or  6  h).  Immunocomplex-kinase  assays  of  p34Cdc2  kinase  activity  were  performed  as  previously 
described  (12). 

Flow  Cytometry  Analyses  of  Apoptotic  Cells.  Cells  were  cultured  in  0.5%  FBS  in  the  absence 
or  presence  (Herceptin  pretreatment)  of  Herceptin  (5,  10,  and  20  nM)  for  24  h.  Cells  were  then 
treated  with  or  without  taxol  (0.02  and  0.05  pM)  or  Herceptin  (0,  5,  10,  and  20  nM)  plus  taxol 
for  1  h,  washed  once,  and  incubated  for  another  24  h  in  the  absence  or  presence  of  Herceptin. 
Cells  were  harvested  by  trypsinization,  fixed  in  1%  formaldehyde  on  ice  for  20  min,  and  washed 
once  with  70%  ethanol.  For  multiparameter  flow  cytometry  analysis,  the  cells  were  incubated  in 
terminal  deoxynucleotidyl  transferase  solution  (0.1  M  sodium  cacodylate;  1  mM  C0CI2;  0.1  mM 
dithiothreitol;  0.005  mg/ml  bovine  serum  albumin;  10  U  TdT;  and  0.5  nM  biotin- 16-dUTP)  at 
37°C  for  30  min,  transferred  to  100  pi  of  staining  solution  (4xSSC;  5%  dry  milk;  0.15%  Triton 
X-100;  and  2.5  ng/pl  Avidin-FITC),  and  incubated  in  the  dark  at  room  temperature  for  30  min. 
Finally,  the  cells  were  stained  in  500  pi  ofpropidium  iodide  solution  (0.5  pg/ml  of  PI  and  0.1% 
Rnase  A).  Flow  cytometry  analyses  were  performed  on  a  FACScan  flow  cytometer  (Becton 
Dickenson,  San  Jose,  CA).  Cell  cycle  profiles  were  analyzed  with  Multicycle  software  (Phoenix 
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Flow  Systems,  San  Diego,  CA),  and  FITC  signals  were  analyzed  with  Epics  Elite  software 
(Coulter  Corp.,  Miami,  FL). 

Clonogenic  Assay.  Cells  (1,500-4,000  per  well)  were  seeded  on  24-well  plates.  The  culture 
medium  was  replaced  14  h  later  with  medium  containing  0.5%  FBS  with  or  without  Herceptin. 
After  incubation  for  24  h,  taxol  or  Herceptin  plus  taxol  was  added  at  taxol  concentrations  ranging 
from  0  to  2.5  pM  and  incubated  for  1  h.  Cells  were  then  washed  with  serum-free  medium  and 
incubated  in  the  presence  or  absence  of  Herceptin.  The  culture  medium  was  changed  every  2 
days  until  colonies  were  stained  with  crystal  violet  on  day  8.  Colonies  containing  more  than  10 
cells  were  counted  under  the  microscope. 

Tumorigenecity  Assay.  The  435. eB  cells  in  log-phase  growth  were  trypsinized,  washed  twice 
with  PBS,  and  centrifuged  at  250xg.  The  viable  cells  were  then  counted.  lxlO6  viable  cells  in 
0.15  ml  of  Matrigel  (BD  Biosciences,  Bedford,  MA)  were  injected  into  the  mammary  fat  pad 
(m.f.p.)  of  ten-week  old  female  ICR-SCID  mice  (Harlan,  Indianapolis,  IN)  under  aseptic 
conditions.  Nine  or  ten  mice  were  injected  for  each  treatment  group.  Tumors  were  measured  by 
calipers  in  two  orthogonal  diameters,  and  the  volumes  were  calculated  using  the  formula  for  a 
prolate  ellipsoid:  volume  (mm3)  =  LxW2/2,  where  L  and  W  are  the  major  and  minor  diameters 
(in  millimeters),  respectively.  Tumor  volumes  are  presented  as  mean  values. 
Immunohistochemical  Staining  of  ErbB2.  Immunohistochemical  staining  was  performed  on  5 
pm  slides.  After  deparaffinization  and  rehydration,  sections  were  subjected  to  heat-induced 
epitope  retrieval  by  immersion  in  a  0.01  mol/L  citrate  buffer  (pH  6.0).  Endogenous  peroxidase 
activity  was  blocked  for  30  min  in  3%  hydrogen  peroxide.  The  slides  were  then  incubated  for  30 
min  at  RT  in  a  humidified  chamber  with  anti-ErbB2  antibody  (A0485,  DAKO).  The 
immunoperoxidase  staining  was  done  using  the  LSAB2  peroxidase  kit  (DAKO).  The  antigen- 
antibody  immunoreaction  was  visualized  using  DAB  as  the  chromogen.  The  slides  were  washed, 
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counterstained  with  hematoxylin,  dehydrated  with  alcohol,  cleared  in  xylene,  and  mounted. 
Patient  samples  that  were  previously  shown  to  express  high  levels  of  ErbB2  were  used  as 
positive  controls.  The  negative  control  was  performed  by  replacing  the  primary  antibody  with 
normal  horse  serum.  Moderate  to  strong  membrane  staining  in  more  than  10%  of  the  tumor  cells 
were  scored  as  HER2  overexpression. 

In  Situ  TUNEL  Assay  In  Vivo.  The  breaking  ends  of  fragmented  DNA  in  apoptotic  cells  were 
detected  in  situ  by  nick  end-labeling  with  the  TUNEL  method  using  ApopTag  Plus  Peroxidase  in 
situ  apoptosis  detection  kit  (Intergen,  NY).  Briefly,  slides  were  digested  with  20  pg/ml 
proteinase  K  (Boehringer  Mannheim)  for  15  min  at  room  temperature.  Endogenous  peroxidase 
activity  was  blocked  with  3%  hydrogen  peroxide  for  5  min.  Equilibration  buffer  was  then 
applied  directly  to  the  slide  for  30  min.  Slides  were  incubated  with  digoxigenin-dUTP  and  TdT 
in  a  humidified  chamber  at  37°C  for  1  h.  The  reaction  was  terminated  with  a  10  min  incubation 
in  stop/wash  buffer.  After  washing  in  PBS,  the  sections  were  covered  with  anti-digoxigenin- 
peroxidase  for  30  min  at  room  temperature,  followed  by  color  development  with  DAB.  The 
slides  were  counter  stained  with  hematoxylin.  The  positive  control  slides  included  in  the  kit 
were  stained  as  described  above  as  positive  controls.  The  negative  controls  were  done  by 
substituting  TdT  with  PBS. 

Assessment  of  Apoptotic  Cells.  Apoptotic  cells  and  bodies  were  counted  from  10  HPFs  with 
x400  magnification.  Cells  were  considered  apoptotic  if  the  whole  nuclear  area  of  the  cell  labeled 
positively.  Apoptotic  bodies  were  defined  as  small  positively  labeled  globular  bodies  in  the 
cytoplasm  of  the  tumor  cells,  which  could  be  found  either  singly  or  as  groups. 

RESULTS 

Down-regulation  ofp21c,pl  and  Decreased  Cdc2-Tyrl5  Phosphorylation  in 
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Herceptin-treated  ErbB2  Overexpressing  Breast  Cancer  Cells.  Our  previous  studies 
demonstrated  that  activation  of  p34cdc2  kinase  is  required  for  taxol-induced  apoptosis  and  that 
overexpression  of  ErbB2  inhibits  activation  of  p34Cdc2  and  apoptosis  of  taxol-treated  cells  by  up- 
regulation  of  p21c,pI  and  phosphorylation  of  Cdc2-Tyrl5  (12,  Chadebech,  2000  #2243,  29).  To 
investigate  whether  Herceptin,  which  is  known  to  down-regulate  ErbB2  expression,  will 
decrease  ErbB2-mediated  p21Cip!  upregulation  and  Cdc2-Tyrl5  phosphorylation  in  ErbB2- 
overexpressing  breast  cancer  cells,  MDA-MB-435,  435.eB,  SKBr3,  and  MDA-MB-453  cells 
were  treated  with  10  nM  Herceptin  or  control  human  IgG  for  various  time  intervals.  Western 
blot  analyses  demonstrated  that  24  h  and  36  h  Herceptin  treatments  down-regulated  ErbB2 
protein  expression  in  435. eB,  SKBr3,  and  MDA-MB-453  cells,  which  overexpress  ErbB2 
naturally  as  well  as  ectopically  (Fig.  1).  Notably,  parallel  to  or  following  ErbB2  down- 
regulation,  reduced  phosphorylation  on  Tyrl5  of  p34Cdc2  and  decreased  p21c,pl  protein  levels 
were  also  detected  in  these  cells  after  24  h  or  36  h  Herceptin  treatment  (Fig.l).  The  control  IgG 
had  no  significant  effect  on  ErbB2  expression,  Cdc2-Tyrl5  phosphorylation,  or  p21Cipl 
expression.  This  data  indicates  that  Herceptin  effectively  down-regulated  ErbB2  expression, 
leading  to  inhibition  of  ErbB2-mediated  p21c,pl  upregulation  and  Cdc2-Tyrl5  phosphorylation  in 
ErbB 2 -overexpressing  breast  cancer  cells. 

Herceptin  Renders  ErbB2-Overexpresing  Cells  More  Susceptible  to  p34Cdc2  Activation 
upon  Taxol  Treatment.  It  is  known  that  dephosphorylation  on  Tyrl5  of  p34Cdc2  can  lead  to 
activation  of  this  cyclin-dependent  kinase  (30).  Additionally,  we  have  previously  shown  that 
p2 1 Cipl  inhibits  Cdc2  Kinase  activity  and  reducing  p21Cipl  expression  by  antisense  p21Cipl 
oligonucleotide  allowed  effective  Cdc2  activation  when  cells  were  treated  with  taxol  (12).  We 
therefore  examined  whether  decreased  Cdc2-Tyrl5  phosphorylation  and  reduced  p21Cipl 
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expression  by  Herceptin  treatment  could  result  in  activation  of  p34Cdc2  kinase  in  ErbB2 
overexpressing  breast  cancer  cells  and  whether  better  activation  ofp34Cdc2  will  be  observed  in 
ErbB2-overexpressing  breast  cancer  cells  treated  with  Herceptin  plus  taxol.  The  435.eB 
transfectants  were  either  untreated,  cultured  with  human  IgG  control  antibody,  treated  with  0.02 
pM  taxol,  20  nM  Herceptin,  or  Herceptin  plus  taxol  simultaneously  (Fig.  2 A,  lanes  1-5).  In 
addition,  since  decreased  Cdc2-Tyrl5  phosphorylation  and  reduced  p21Cipl  expression  were 
detected  at  least  24  h  after  Herceptin  treatment,  cells  were  pretreated  with  Herceptin  for  24  h  and 
subsequently  added  with  taxol  (Fig.  2A,  lane  6).  The  kinase  activity  ofp34Cdc2 
immunoprecipitated  with  anti-p34Cdc2  antibody  was  measured  using  Histone  HI  as  substrate.  As 
expected,  activation  of  Cdc2  kinase  was  readily  detected  in  435. eB  cells  treated  with  taxol. 
Activation  of  p34Cdc2  kinase  was  indeed  detected  after  24  h  of  Herceptin  treatment.  Moreover, 
simultaneous  treatment  with  Herceptin  plus  taxol  showed  an  additive  effect  on  the  activation  of 
p34cdc2  (Fjg  2A).  The  additive  effect  on  p34Cdc2  activation  is  more  apparent  in  cells  pretreated 
with  Herceptin  for  24  h  followed  by  taxol  treatment  (sequential  treatment,  Fig.  2A).  Similar 
effects  on  Cdc2  activation  were  also  observed  in  SKBr3  cells  upon  taxol  treatment,  Herceptin 
treatment,  and  24  h  of  Herceptin  pretreatment  followed  by  taxol  (Fig.  2B).  These  results 
demonstrate  more  effective  p34Cdc2  activation  in  ErbB2-overexpressing  breast  cancer  cells  with 
Herceptin  plus  taxol  treatment. 

Herceptin  Pretreatment  Further  Increases  Taxol-induced  Apoptosis.  We  previously 
reported  that  p34Cdc2  activation  is  required  for  taxol-induced  apoptosis  in  ErbB2-overexpressing 
breast  cancer  cells  (12).  The  data  above  demonstrates  that  p34Cdc2  kinase  activity  was  increased 
by  Herceptin  treatment  in  ErbB2-overexpressing  breast  cancer  cells.  Thus,  we  next  examined 
whether  Herceptin  treatment  could  enhance  taxol-induced  apoptosis  and  whether  Herceptin 
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pretreatment  is  more  effective  in  sensitizing  ErbB2-overexpressing  breast  cancer  cells  to  taxol- 
induced  apoptosis  than  simultaneous  Herceptin  plus  taxol  treatment.  The  435. eB  transfectant 
and  SKBr3  cells  were  treated  as  in  figure  2 A,  i.e.,  cultured  in  regular  medium  with  human  IgG 
control  antibody,  with  Herceptin,  with  taxol,  with  Herceptin  plus  taxol  added  simultaneously,  or 
with  pretreatment  of  Herceptin  for  24  h  before  addition  of  taxol  (Fig.  3).  After  cells  were 
collected,  cell  cycle  stages  and  apoptosis  were  simultaneously  determined  by  measuring  DNA 
content  with  propidium  iodide  and  by  labeling  DNA  strand  breaks  with  biotinylated  dUTP 
shown  as  FITC-positive  cells  (31).  Very  low  levels  of  apoptosis  were  detected  in  cells  cultured 
in  regular  medium,  with  human  IgG  control  antibody,  or  with  Herceptin,  whereas  taxol  induced 
apoptotic  cell  death  in  both  the  435. eB  transfectant  and  SKBr3  cells  (Fig.  3).  In  435. eB 
transfectants  simultaneously  treated  with  Herceptin  plus  taxol,  Herceptin  treatment  slightly 
increased  taxol-induced  apoptosis  (Fig.  3A  and  B).  Notably,  in  435. eB  transfectants  pretreated 
with  Herceptin  for  24  h  followed  by  taxol  treatment,  taxol-induced  apoptosis  was  significantly 
increased  by  Herceptin  pretreatment  (Fig.3A  and  B).  In  SkBr3  cells,  simultaneous  treatment 
with  Herceptin  and  taxol  had  an  additive  effect  leading  to  a  substantial  increase  of  apoptosis. 
Moreover,  Herceptin  pretreatment  demonstrated  a  synergistic  effect  on  taxol-induced  apoptosis 
in  SKBr3  cells  (Fig.3C).  Thus,  data  from  both  the  435. eB  transfectant  and  SKBr3  cells 
demonstrate  improved  sensitization  to  taxol-induced  apoptosis  by  Herceptin  pretreatment  than 
from  the  Herceptin-taxol  simultaneous  treatment. 

Enhanced  Sensitization  to  Taxol  Killing  in  ErbB2-overexpessing  Breast  Cancer  Cells  by 
Herceptin  Pretreatment.  To  examine  whether  Herceptin  pretreatment  further  enhances  the 
cytotoxic  effect  of  taxol  over  the  Herceptin-taxol  simultaneous  treatment,  clonogenic  assays 
were  performed  using  435.eB  transfectants  and  SkBr3  cells.  Cells  were  treated  with  various 
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concentrations  of  taxol  plus  IgG,  simultaneously  with  taxol  plus  Herceptin,  or  pretreated  with 
Herceptin  for  24  h  followed  by  taxol.  The  number  of  surviving  colonies  after  each  treatment 
were  counted  eight  days  post-treatment.  As  expected,  taxol  reduced  colony  formation  in  a  taxol 
concentration-dependent  manner  (Fig.  4).  Simultaneous  treatment  of  Herceptin  plus  taxol 
moderately  increased  the  cytotoxic  effect  of  taxol  on  these  two  cell  lines.  Notably,  Herceptin 
pretreatment  significantly  enhanced  the  cytotoxicity  of  taxol.  Specifically,  less  than  1  %  of  the 
colonies  survived  after  Herceptin  pretreatment  followed  with  a  near  IC50  concentration  of  taxol 
(0.02  pM  for  435. eB  cells),  whereas  ~25  %  of  the  colonies  survived  after  the  simultaneous 
Herceptin-taxol  treatment  with  the  same  concentration  of  taxol  (Fig.  4A).  Better  sensitization  to 
taxol  killing  by  Herceptin  pretreatment  was  also  observed  in  SKBr3  cells  (Fig.  4B).  These  data 
indicate  that  Herceptin  pretreatment  sensitizes  the  ErbB2-overexpressing  breast  cancer  cells  to 
taxol  killing  better  than  the  simultaneous  treatment. 

Greater  Inhibition  of  Tumor  Growth  by  Herceptin  Pretreatment.  To  further  determine 
whether  Herceptin  pretreatment  may  provide  an  advantage  for  tumor  growth  inhibition  in  vivo, 
female  ICR-SCID  mice  were  inoculated  with  435. eB  transfectants  into  the  m.f.p.  to  allow  for  the 
growth  of  tumor  xenografts.  Seven  days  after  injection,  mice  were  divided  into  five  groups  with 
at  least  nine  animals  in  each  group.  The  first  group  began  treatment  starting  on  day  seven  with 
the  rhu  IgG  monoclonal  antibody  (0.3  mg/kg)  twice  a  week  for  five  weeks  as  controls  and  the 
second  group  was  treated  with  Herceptin  at  the  same  dose  and  schedule.  The  third  group  was 
injected  with  taxol  (10  mg/kg)  i.p.  on  days  12  and  15  along  with  the  rhu  IgG  monoclonal 
antibody  (0.3  mg/kg).  Treatment  continued  with  the  rhu  IgG  monoclonal  antibody  twice  a  week 
for  another  four  weeks.  The  fourth  group  was  given  taxol  (10  mg/kg)  i.p.  on  days  12  and  15 
along  with  Herceptin  (0.3  mg/kg).  Treatment  continued  with  Herceptin  twice  a  week  for  four 
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weeks.  The  fifth  group  was  first  treated  with  Herceptin  (0.3  mg/kg)  on  days  7,  9,  and  1 1.  Then, 
mice  were  given  taxol  (10  mg/kg)  i.p.  on  days  12  and  15  along  with  Herceptin  (0.3  mg/kg). 
Herceptin  treatment  continued  twice  a  week  for  four  weeks.  A  low  dose  of  Herceptin  (0.3 
mg/kg)  was  selected  in  order  to  detect  possible  differences  between  the  simultaneous  treatment 
group  (group  4)  and  the  pretreatment  group  (group  5).  Compared  with  the  control  group  (group 
1),  treatment  with  either  Herceptin  (group  2)  or  taxol  (group  3)  delayed  tumor  growth,  whereas 
simultaneous  treatment  with  Herceptin  plus  taxol  (group  4)  showed  slightly  better  tumor 
inhibition  (Fig.  6A).  Notably,  Herceptin  pretreatment  followed  by  taxol  (group  5)  inhibited 
tumor  growth  to  greater  extents  than  the  simultaneous  treatment.  This  data  indicates  that 
Herceptin  pretreatment  can  improve  its  sensitization  effect  on  tumor  growth  inhibition  by  taxol 
in  ErbB2-overexpressing  breast  cancers. 

To  investigate  if  down-regulation  of  ErbB2  and  better  induction  of  apoptosis  are  the 
underlying  mechanisms  for  the  enhanced  tumor  growth  inhibition  by  Herceptin  pretreatment, 
tumor  samples  were  collected  from  each  group  and  examined  for  ErbB2  expression  and  in  vivo 
apoptosis.  Overexpression  of  ErbB2  was  found  by  immunohistochemical  staining  of  tumor 
slides  with  anti-ErbB2  antibody  from  IgG  control  treated  (group  1)  and  taxol  treated  (group  3) 
mice.  However,  ErbB2  expression  levels  were  significantly  reduced  in  Herceptin-containing 
treatment  groups  (groups  2, 4,  and  5).  In  situ  TUNEL  assays  detected  fragmented  DNAs  within 
the  nuclei  of  the  tumor  cells  in  each  group  and  intense  TUNEL  signals  were  occasionally 
observed  in  nuclear  fragments  or  apoptotic  bodies  (Fig.  6B).  Compared  to  IgG  control  tumors 
(1 1  apoptotic  cells  per  10  HPFs),  Herceptin  treated  or  taxol  treated  tumors  showed  a  slight 
increase  in  apoptosis  (18  apoptotic  cells  and  22  apoptotic  cells,  respectively,  per  10  HPFs),  while 
Herceptin  plus  taxol  treated  tumors  demonstrated  dramatic  increase  of  in  vivo  apoptosis  (group  4, 
36/10HPFs,  Fig.  6C).  Notably,  an  even  higher  incidence  of  apoptosis  was  detected  in  Herceptin 
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pretreated  tumors  (group  5,  62/10HPFs)  than  in  Herceptin  and  taxol  simultaneously  treated 
tumors.  These  data  indicate  that  Herceptin  pretreatment  primed  the  ErbB2-overexpressing  breast 
tumors  for  efficient  apoptosis  induction  in  response  to  taxol  treatment,  which  paralleled  the 
enhanced  sensitization  to  tumor  inhibition  by  taxol. 

DISCUSSION 

Here,  we  demonstrated  that  Herceptin  treatment  of  ErbB2  overexpressing  human  breast 
cancer  cells  down-regulated  ErbB2  expression,  decreased  the  inhibitory  phosphorylation  of  Cdc2 
on  Tyrl5  and  the  expression  of  p21Cipl,  thus,  allowing  efficient  p34Cdc2  activation  and  apoptosis 
induction  upon  taxol  treatment.  We  also  provided  evidence  that  Herceptin  pretreatments  led  to 
improved  sensitization  of  ErbB2-overexpressing  breast  cancer  cells  to  taxol-induced  apoptosis, 
cytotoxicity,  and  tumor  growth  inhibition  than  the  currently  used  Herceptin  and  taxol 
simultaneous  treatment  strategy. 

Herceptin  down-regulated  the  ErbB2  protein  in  435. eB  transfectant,  MDA-MB-453  cells, 
and  SKBr3  cells.  Herceptin-mediated  ErbB2  down-regulation  is  known  to  result  from  multiple 
steps  such  as  receptor  internalization,  protein  degradation,  and  receptor  recycling  (32,  33). 
However,  the  efficiencies  of  these  processes  may  vary  among  different  cell  lines.  Additionally, 
different  cell  lines  may  have  divergent  downstream  elements  in  their  signal  transduction 
pathways  that  are  responsible  for  their  responses  to  ErbB2  down-regulation  by  Herceptin  (34). 
Thus,  it  is  not  surprising  that  variation  in  response  to  Herceptin-mediated  ErbB2  down- 
regulation  was  seen  among  ErbB2-overexpressing  breast  cancer  cells  (Fig.  1).  This  is  also 
consistent  with  clinical  trial  data  that  breast  cancers  with  ErbB2-overexpression  have  a  Herceptin 
response  rate  of  only  about  15%  [Gilewski,  2000  #2252;  (35). 
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We  have  previously  found  that  activation  of  p34Cdc2  is  required  for  taxol-induced 
apoptosis,  but  overexpression  of  ErbB2  inhibits  Cdc2  activation  upon  taxol  treatment  leading  to 
inhibition  of  apoptosis  (12).  In  this  study,  we  showed  that  Herceptin  treatment  permits  efficient 
p34Cdc2  activation  upon  taxol  treatment  of  ErbB2  overexpressing  human  breast  cancer  cells  (Fig. 
2).  The  Herceptin-mediated  efficient  p34Cdc2  activation  upon  taxol  treatment  is  likely  the  result 
of  reversals  of  two  known  ErbB2-mediated  Cdc2  inhibitory  mechanisms,  i.e.,  Herceptin 
decreased  the  ErbB2-mediated  inhibitory  phosphorylation  of  Cdc2  on  T yr  1 5  and  blocked  the 
ErbB2-mediated  upregulation  of  p21Cipl  (Fig.  1).  We  propose  that  the  reversals  of  these  two 
known  ErbB2-mediated  Cdc2  inhibitory  mechanisms  are  important  molecular  mechanisms 
contributing  to  Herceptin-mediated  sensitization  of  ErbB2-overexpressing  cells  to  taxol-induced 
apoptosis  (Fig.  3),  which  requires  Cdc2  activation. 

On  the  other  hand,  multiple  mechanisms  or  signaling  pathways  may  be  involved  in 
Herceptin-mediated  taxol  sensitization  in  addition  to  the  ones  demonstrated  here.  For  example, 
although  Herceptin  pretreatment  only  led  to  slightly  better  activation  of  p34Cdc2  than 
simultaneous  treatment  (Fig.  2),  Herceptin  pretreatment  resulted  in  significant  sensitization  to 
taxol-induced  apoptosis,  cell  killing,  and  tumor  inhibition  (Figs.  3-5).  This  suggests  that  p34Cdc2 
activation  is  only  one  of  those  multiple  mechanisms  or  signaling  pathways  induced  by  Herceptin 
leading  to  taxol  sensitization.  Consistent  with  this  notion,  it  has  been  recently  reported  that  anti- 
ErbB2  monoclonal  antibody  4D5,  from  which  Herceptin  was  developed,  resulted  in  rapid 
dephosphorylation  of  ErbB2,  accumulation  of  the  cyclin-dependent  kinase  inhibitor  p27klpl,  and 
inactivation  of  cyclin-Cdk2  complexes  (36).  Notably,  Cdk2  kinase  activities  were  dramatically 
inhibited  when  MDA-MB-435  cells  were  treated  with  taxol  (12).  Another  group  recently 
showed  that  taxol  treatments  significantly  reduced  the  level  of  Cdk2  protein  in  MCF7  cells  (28). 
Thus,  it  is  possible  that  Cdk2  inhibition  may  also  contribute  to  Herceptin-mediated  sensitization 
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of  ErbB2-overexpressing  breast  cancer  cells  to  taxol.  In  addition,  taxol-mediated  down- 
regulation  of  IkB-oc  through  the  up-regulation  of  IkB  kinase  p  subunit  (26)  and  taxol-mediated 
serine  phosphorylation  of  the  66-kDa  She  isoform  may  also  be  signaling  events  contributing  to 
cell  death  (27).  We  are  currently  investigating  the  involvement  of  these  mechanisms  in 
Herceptin-mediated  taxol  sensitization. 

It  has  been  reported  that  Herceptin  enhances  the  anti-tumor  activity  of  taxol  and 
doxorubicin  against  ErbB2-overexpressing  human  breast  cancer  xenografts  (13).  The  report  is 
consistent  with  data  from  the  Herceptin  phase  III  clinical  trial,  in  which  Herceptin  and  taxol  were 
administered  simultaneously  (37,  38).  Here,  we  report  an  insightful  finding  that  Herceptin 
pretreatment  sensitizes  ErbB2-overexpressing  cells  to  taxol-induced  apoptosis,  cell  killing,  and 
tumor  inhibition  to  greater  extents  than  simultaneous  treatment  with  Herceptin  plus  taxol  (Figs. 
3-5).  This  improved  taxol  sensitization  may  be  attributed  to,  at  least  partly,  reduced  Cdc2 
inhibitory  phosphorylation  on  Tyrl5  and  down-regulation  of  p21c,pI,  which  are  achieved  at  least 
24  h  after  Herceptin  treatment  in  cultured  cells  (Fig.  1),  allowing  more  efficient  activation  of 
Cdc2  and  better  induction  of  apoptosis  (Figs.  2,  3).  In  our  in  vivo  tumorigenecity  assays,  we 
pretreated  mice  with  Herceptin  five  days  before  giving  taxol.  This  pretreatment  consisted  of 
three  Herceptin  injections  once  every  other  day  to  allow  enough  time  for  inhibition  of  both 
Cdc2-Tyrl5  phosphorylation  and  p21clpl  expression.  Although  we  were  unable  to  determine 
Cdc2  kinase  activities  in  tumor  samples,  in  situ  TUNEL  assays  demonstrated  that  Herceptin 
pretreated  tumors  are  more  susceptible  to  taxol-induced  apoptosis  than  the  simultaneous 
treatment  group  (Fig.  5B,C).  More  importantly,  the  enhanced  apoptosis  in  tumor  samples 
correlated  with  improved  inhibition  of  tumor  xenografts  in  mice.  Despite  the  need  to  investigate 
other  possible  mechanisms  underlying  the  improved  tumor  inhibition  by  Herceptin  pretreatment, 
our  findings  that  Herceptin  pretreatment  better  sensitizes  ErbB2-overexpressing  breast  cancer 
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cells  to  taxol  than  the  simultaneous  treatment  with  taxol  could  have  important  therapeutic 
implications.  It  will  be  very  important  to  determine  whether  Herceptin  pretreatment  may  provide 
further  improved  clinical  responses  to  taxol  in  breast  cancer  patients  compared  to  the  current 
practice  of  the  simultaneous  administration  of  Herceptin  and  taxol. 
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FIGURE  LEDGEND 

Fig.  1.  Herceptin  downregulated  ErbB2,  reduced  phosphorylation  on  Tyrl5  of  p34Cdc  ,  and 
inhibited  p21Cipl  expression  in  ErbB2-overexpressing  breast  cancer  cells.  MDA-MB-435  cells 
and  435.eB  transfectants  (A),  SkBr3  and  MDA-MB-453  cells  (B)  were  treated  with  incremental 
concentrations  of  Herceptin  (10  and  20  nM  )  or  IgG  for  various  times  (0,  24,  or  36  h).  Western 
blot  analysis  was  performed  as  described  in  “Materials  and  Methods”.  All  experiments 
described  in  this  study  have  been  repeated  at  least  three  times. 

Fig.  2.  Herceptin  treatment  sensitized  ErbB2-overexpressing  breast  cancer  cells  to  p34cdc2 
activation  upon  taxol  treatment.  A,  Activation  of  p34cdc2  kinase  in  differentially  treated  435.eB 
transfectants.  Cells  were  untreated  (lane  1),  treated  with  20  nM  human  IgG  (lane  2),  0.02  pM 
taxol  (lane  3),  20  nM  Herceptin  (lane  4),  20  nM  Herceptin  plus  0.02  pM  taxol  simultaneously  for 
3  hours  (lane  5),  or  20  nM  Herceptin  for  24  hours  as  a  pretreatment  then  0.02  pM  taxol  for  three 
hours  (lane  6).  Immunocomplex-kinase  assays  were  performed  as  described  in  “  Materials  and 
Methods”.  B,  Activation  of  p34cdc2  Kinase  in  SKBr3  cells.  Cells  were  cultured  in  medium 
containing  20  nM  human  IgG  (lane  1,  control),  0.05  pM  taxol  (lane  2),  5  nM  Herceptin  (lane  3), 
or  pretreated  with  10  nM  Herceptin  for  24  h  before  addition  of  0.05  pM  taxol  (lane  4).  Cell  were 
continuously  treated  for  6  h  and  immunocomplex-kinase  assays  were  performed  as  described  in 
“  Materials  and  Methods”. 

Fig.  3.  Herceptin  pretreatment  further  enhanced  taxol-induced  apoptosis  than  the  simultaneous 
Herceptin  and  taxol  treatment  in  435.eB  transfectants  (A,  B)  and  in  SKBr3  cells  (C).  Cells  were 
treated  as  in  Figure  2A.  Cells  were  collected  and  analyzed  for  taxol-induced  apoptosis  by 
double-label  flow  cytometry  analysis  as  described  in  “Materials  and  Methods”.  Apoptotic  cells 
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with  DNA  strand  breaks  are  shown  to  have  higher  levels  of  Biotin-  16-dUTP  labeling  above  the 
sloped  lines.  Percentage  of  cell  population  in  G2  /M  and  with  strong  dUTP  labeling  are  indicated 
at  the  top  of  frame  (A).  A  graphic  presentation  of  FITC  positive  cells  in  A  as  percentages  of 
apoptosis  (B).  SKBr3  cells  were  treated  with  5  nM  or  10  nM  Herceptin  and  /or  0.05  uM  taxol  as 
indicated  (C).  Cells  were  collected,  and  analyzed  for  taxol-induced  apoptosis  by  double-label 
flow  cytometry  as  described  in  “Materials  and  Methods”.  The  percentages  of  FITC  positive 
apoptotic  cells  after  each  treatment  are  shown  in  bar  diagrams  (C). 

Fig.  4.  Enhanced  sensitization  to  taxol  killing  by  Herceptin  pretreatment  compared  to  the 
simultaneous  treatment  in  ErbB2-overexpessing  435.eB  transfectants  (A)  and  SKBr3  cells  (B). 
Cells  were  treated  with  20  nM  Herceptin  for  24  h  prior  to  addition  of  0.02  pM  taxol  (435.eB 
transfectants)  or  10  nM  Herceptin  for  24  h  prior  to  addition  of  0.05  pM  taxol  (SKBr3  cells). 
Clonogenic  assays  were  performed  to  analyze  cytotoxicity  as  described  in  Materials  and 
Methods”. 

Fig.  5.  Herceptin  pretreatment  inhibited  tumor  growth  more  effectively  than  the  simultaneous 
treatment.  A.  Female  ICR-SCID  mice  (total  47  mice)  were  injected  with  435.eB  transfectants 
(IX  106  cells/mice)  to  induce  tumor  xenografts.  Seven  days  later,  mice  were  divided  into  five 
groups,  with  at  least  nine  mice  in  each  group.  The  first  group  was  treated  with  the  rhu  IgG 
monoclonal  antibody  (0.3  mg/kg)  twice  a  week  for  five  weeks  and  the  second  group  was  treated 
with  Herceptin  at  the  same  dose  and  schedule.  The  third  group  was  injected  with  taxol  (10 
mg/kg)  i.p.  on  days  12  and  15  along  with  the  rhu  IgG  monoclonal  antibody  (0.3  mg/kg). 
Treatment  continued  with  the  rhu  IgG  monoclonal  antibody  twice  a  week  for  another  four  weeks. 
The  fourth  group  was  given  taxol  (10  mg/kg)  i.p.  on  days  12  and  15  along  with  Herceptin  (0.3 
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mg/kg).  Treatment  continued  with  Herceptin  twice  a  week  for  four  weeks.  The  fifth  group  was 
pretreated  with  Herceptin  (0.3  mg/kg)  on  days  7,  9,  and  1 1,  then  given  taxol  (10  mg/kg)  i.p.  on 
days  12  and  15  along  with  Herceptin  (0.3  mg/kg).  Treatment  continued  with  Herceptin  twice  a 
week  for  four  weeks.  Tumor  volume  was  measured  and  calculated  as  described  in  “  Materials 
and  Methods”.  B.  Immunohistochemical  staining  with  anti-ErbB2  antibody  and  in  situ  TUNEL 
assay  of  apoptosis  in  vivo,  a-e:  ErbB2  immunohistochemical  staining  of  tumor  slides  from 
different  treatment  groups  1  -5  (x200).  f-j:  In  situ  TUNEL  assay  of  tumor  slides  from  different 
treatment  groups  1  -5  (x400).  The  percentages  of  TUNEL  positive  apoptotic  cells  in  each 
treatment  group  were  quantified  and  shown  as  bar  diagrams  (C). 
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Abstract 

HER-2/neu  has  been  implicated  in  the  activation  of  androgen  receptor 
(AR)  and  in  inducing  hormone-independent  prostate  cancer  growth.  Here 
we  report  that  HER-2/neu  activates  Akt  (protein  kinase  B)  to  promote 
prostate  cancer  cell  survival  and  growth  in  the  absence  of  androgen. 
Blocking  of  the  Akt  pathway  by  a  dominant-negative  Akt  or  an  inhibitor 
LY294002  abrogates  the  HER-2/neu- induced  AR  signaling  and  cell  sur¬ 
vival/growth  effects  in  the  absence  or  presence  of  androgen.  Akt  specifi¬ 
cally  binds  to  AR  and  phosphorylates  serines  213  and  791  of  AR.  Thus, 
Akt  is  a  novel  activator  of  AR  required  for  HER-2/neu  signaling  to 
androgen-independent  survival  and  growth  of  prostate  cancer  cells. 

Introduction 

Androgen  plays  a  critical  role  in  controlling  the  growth  and  survival 
of  prostate  cancer  cells,  and  androgen  ablation  therapy  usually 
achieves  significant  clinical  responses  in  the  beginning.  Under  the 
selective  pressure  of  androgen  withdrawal,  however,  prostate  cancers 
progress  to  an  androgen-independent  stage  (1).  The  mechanism  for 
this  progression  to  androgen  independence  is  not  completely  under¬ 
stood.  Although  androgen-independent  progression  has  been  corre¬ 
lated  with  mutation  of  the  AR4  gene  (2,  3),  most  androgen-indepen- 
dent  prostate  cancer  cells  express  AR  and  the  androgen-dependent 
gene  PSA,  implying  that  these  cells  maintain  a  functional  AR  signal¬ 
ing  pathway.  Furthermore,  it  has  been  shown  that  MAP  kinases  are 
involved  in  activation  of  AR  signal  transduction  (4,  5),  suggesting  that 
reactivation  of  the  AR  pathway  by  a  hormone-independent  mecha¬ 
nism  may  lead  to  androgen-independent  prostate  cancers.  Recently, 
overexpression  of  HER-2/neu  has  been  implicated  in  the  activation  of 
AR  and  in  inducing  hormone-independent  prostate  cancer  growth  (5, 
6).  HER-2/neu ,  a  Mr  185,000  transmembrane  receptor  tyrosine  kinase 
with  homology  to  members  of  the  EGF  receptor  family,  is  overex¬ 
pressed  in  —30%  of  human  breast  and  ovarian  cancers  (7).  Unlike  the 
other  members  of  EGF  receptors,  HER-2/neu  has  an  intrinsic  tyrosine 
kinase  activity  that  activates  the  receptor-mediated  signal  transduction 
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in  the  absence  of  ligand.  Although  EGF  binds  to  an  EGF  receptor  to 
induce  receptor  dimerization  and  activate  PI3K  (8),  HER-2/neu  ho¬ 
modimer  constitutively  activates  the  PI 3 K- Akt  pathway  without  ex¬ 
tracellular  stimulation  (9).  Activation  of  PI3K  generates  phosphatidy- 
linositol-3, 4,5 -triphosphate,  which  in  turn  binds  to  the  pleckstrin 
homology  domain  of  serine/threonine  kinase  Akt,  resulting  in  recruit¬ 
ment  of  Akt  to  the  cell  membrane.  A  conformational  change  of  Akt 
follows,  which  enables  residues  Thr-308  and  Ser-473  to  be  phospho- 
rylated  by  upstream  kinases,  PDK-1  and  PDK-2  or  ILK,  respectively 
(10).  Activated  Akt  phosphorylates  specific  targets  such  as  Bad  (11), 
pro-caspase-9  (12),  and  transcription  factor  FKHRL1  (13)  at  the  Akt 
phosphorylation  consensus  sequence  R-X-R-X-X-S/T,  thus  promot¬ 
ing  cell  survival  and  blocking  apoptosis.  In  this  way,  the  PI3K-Akt 
pathway  plays  a  critical  role  in  antiapoptosis  that  may  contribute  to 
the  pathogenesis  of  cancer  (10).  In  the  present  study,  we  examined 
whether  Akt  and  HER-2/neu  are  involved  in  the  AR  signaling  path¬ 
way  and  whether  they  play  a  role  in  androgen-independent  survival  or 
growth  of  prostate  cancer  cells.  We  show  that  HER-2/neu  activated 
Akt  to  promote  prostate  cancer  cell  survival  and  growth  in  the  absence 
of  androgen.  The  HER-2/neu- induced  AR  signaling  and  cell  survival/ 
growth  effects  were  blocked  by  the  DN-Akt  or  an  inhibitor 
LY294002.  Moreover,  Akt  specifically  binds  to  AR  and  phosphoryl¬ 
ates  Ser-213  and  Ser-791  of  AR.  Thus,  our  findings  provide  a  mo¬ 
lecular  mechanism  for  the  HER-2/neu- induced  androgen-independent 
survival  and  growth  of  prostate  cancer  cells. 

Materials  and  Methods 

Reporter  and  Cell  Survival  Assays.  LNCaP  cells  were  plated  the  day 
before  transfection  at  a  density  of  2  X  105  cells/well  in  six-well  plates.  The 
cells  were  cotransfected  with  a  luc  reporter  plasmid  (0.3  pig  of  PSA-luc  or 
PRE-luc)  and  a  0-gal  expression  plasmid  (0.2  gg  of  CMV-0-gal)  and  expres¬ 
sion  plasmids  or  an  empty  vector  (0.9  jLtg  each)  as  indicated  using  liposomes. 
After  transfection,  the  cells  were  cultured  in  phenol  red-free  medium  supple¬ 
mented  with  5%  of  the  c-FBS  in  the  absence  or  presence  of  the  synthetic 
androgen  R1881  (NEN;  0.1  or  1.0  nM).  Cell  lysates  were  collected  48  h  after 
transfection,  and  the  luc  activity  of  each  sample  was  measured  with  the  luc 
assay  kit  (Promeg a).  0-gal  activity  was  determined  to  normalize  variations  in 
transfection  efficiency.  The  PSA-luc  reporter  construct  (PSA-luc)  was  gener¬ 
ated  by  subcloning  a  genomic  DNA  (—1.5  kb)  containing  the  PSA  promoter 
(640-bp)  and  enhancer  (~  820-bp)  into  the  luc  expression  vector.  The  PRE-luc 
reporter  (PRE-luc)  contains  two  copies  of  the  progesterone/androgen  response 
element  (14).  For  survival  assays,  LNCaP  cells  were  prepared  as  described 
above  and  cotransfected  with  0.2  pig  of  CMV-luc  plasmid  and  2  pig  of  each 
expression  plasmid  as  indicated.  The  transfected  cells  were  cultured  in  the 
absence  or  presence  of  androgen  as  described  above.  The  relative  survival  rate 
(percentage  of  cell  survival)  between  the  cultures  in  the  absence  and  presence 
of  androgen  was  determined  by  the  luc  activities  and  shown  as  a  ratio,  using 
the  activity  in  the  medium  containing  androgen  as  100%.  The  data  represent 
the  mean  value  of  at  least  three  independent  experiments,  and  statistical 
significance  was  calculated  with  the  ^  test  using  SPSS  software.  P  <  0.05  was 
set  as  the  criterion  for  statistical  significance. 

Cell  Proliferation  Assays.  LNCaP  cells  were  plated  the  day  before  trans¬ 
fection  at  50%  confluence  in  100-mm  dishes.  The  cells  were  cotransfected  with 
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1.0  ix g  of  pDsRedl-Cl  plasmid  (Clontech)  and  15  jug  of  a  constitutively  active 
HER2/neu  {HER2/neu*),  the  Thr-1 172  of  which  has  been  changed  to  Glu,  or 
15  jug  of  the  control  vector.  After  transfection,  the  cells  were  cultured  in 
phenol  red-free  medium  supplemented  with  5%  of  c-FBS  in  the  absence  or 
presence  of  R1881  (0. 1  hm).  As  controls,  36  h  after  transfection,  the  transfected 
cells  were  treated  with  40  fx m  of  LY294002  (Biomol),  which  is  an  inhibitor  for 
the  PI3K/Akt  pathway.  For  BrdUrd  labeling,  48  h  after  transfection,  the  cells 
were  incubated  with  BrdUrd  (10  /am)  for  1  h.  The  transfected  cells  expressing 
the  red  fluorescent  protein  were  selected  by  fluorescence-activated  cell  sorter 
and  plated  onto  poly-L-lysine-coated  slides  using  Cytospin  II.  The  BrdUrd- 
labeled  cells  were  detected  using  a  BrdUrd  labeling  and  detection  kit  (Roche) 
and  evaluated  under  a  fluorescent  microscope.  The  percentages  of  BrdUrd- 
labeled  cells  were  calculated  based  on  —400-800  RFP+  cells  from  each 
sample. 

Immunoprecipitation,  Western  Blot,  and  Immunocomplex  Kinase 

Assays.  LNCaP  cells  were  washed  with  PBS,  lysed  in  ice-cold  RIP  A  buffer 
containing  protease  inhibitors,  and  centrifuged  at  14,000  X  g  for  10  min  at 
4°C.  For  immunoprecipitation,  1  mg  of  each  supernatant  (cell  lysate)  was 
incubated  with  an  anti-AR  mAb  (Pharmingen)  or  mouse  IgG  (negative  control) 
overnight  at  4°C.  Then,  protein  G-agarose  (Roche)  was  added  and  incubated 
for  2  h  at  4°C  with  rotation.  The  immunocomplex  was  recovered  by  centrif¬ 
ugation,  washed  four  times  with  lysis  buffer,  dissolved  in  loading  buffer,  and 
subjected  to  SDS-PAGE.  For  Western  blot,  the  protein  samples  were  subjected 
to  SDS-PAGE  and  transferred  onto  nitrocellulose  membranes.  The  membranes 
were  blocked  with  5%  nonfat  dry  milk  in  PBS  containing  0.05%  Tween  20  and 
incubated  with  an  anti-p-Akt  (S-473)  antibody  (New  England  Biolabs)  and 
then  with  horseradish  peroxidase-conjugated  secondary  antibodies  according 
to  the  manufacturer’s  instructions.  The  immunoblots  were  visualized  by  an 
enhanced  chemiluminescence  kit  (ECL;  Amersham).  Immunocomplex  kinase 
assays  were  performed  as  described  previously  (15).  Specifically,  293T  cells 
were  transfected  with  the  HA-tagged  CA-Akt  expression  plasmid,  the  cells 
were  harvested,  and  whole-cell  lysates  were  prepared  48  h  after  transfection. 
After  immunoprecipitation  with  an  anti-HA  mAb,  phosphorylation  of  AR  was 
determined  by  an  immunocomplex  kinase  assay,  using  wt  or  mut  GST-AR-N 
or  GST-AR-C  or  histone  2B  (Roche)  as  substrates.  The  GST-AR-N  and 
GST-AR-C  plasmids  were  constructed  by  subcloning  of  the  cDNA  fragments 
containing  the  N-  or  COOH-terminal  domain  of  AR  (AR-N  or  AR-C)  by  the 
PCR  technique.  The  mutant  GST-AR-N  and  GST-AR-C  were  generated  by 
site-directed  mutagenesis  using  specific  oligonucleotides  and  a  QuickChange 
site-directed  mutagenesis  kit  (Stratagene)  to  change  the  Ser-213  and  Ser-791 
residues  to  Ala-213  and  Ala-791,  respectively.  The  GST-fusion  proteins 
were  purified  by  affinity  chromatography  on  glutathione- Sepharose  4B 
(Amersham). 

Pull-Down  Assays.  293T  cells  were  transfected  with  the  HA-tagged  CA- 
Akt  expression  plasmid,  the  cells  were  harvested,  and  whole-cell  lysates  were 
prepared  48  h  after  transfection.  Fifty  fxl  of  glutathione-Sepharose  were  incu¬ 
bated  with  90  fxg  of  GST-AR-N  or  GST-AR-C  or  GST  protein  for  3  h  and 
washed  with  washing  buffer  [50  mM  Tris-HCl  (pH  8.0),  150  mM  NaCl,  and 
0.5%  NP40]  three  times.  The  293T  cell  lysates  were  mixed  with  the  GST- 
AR-N  or  GST-AR-C  or  GST  conjugated  glutathione-Sepharose,  incubated 
overnight  at  4°C,  and  washed  three  times  with  washing  buffer.  The  proteins 
bound  to  the  GST-AR-N  or  GST-AR-C  or  GST-conjugated  glutathione-Sepha¬ 
rose  were  analyzed  by  Western  blotting  using  an  anti-HA  mAb  (12CA5). 

Results  and  Discussion 

Because  activation  of  the  AR  signaling  pathway  by  an  androgen- 
independent  survival  mechanism  may  promote  survival  of  prostate 
cancer  cells  during  androgen  deprivation,  we  investigated  whether 
Akt  is  involved  in  the  AR  pathway  and  plays  a  role  in  androgen- 
independent  survival  or  growth  of  prostate  cancer  cells.  The  PSA 
promoter/enhancer  contains  high-affinity  AR  binding  sites  and  is 
up-regulated  by  androgen  (16,  17).  To  examine  the  effects  of  Akt  on 
PSA  transcriptional  regulation,  we  cotransfected  LNCaP  cells  with  the 
PSA-luc  reporter  plus  any  one  of  the  following:  a  CA-Akt,  a  DN-Akt, 
an  empty  vector,  or  a  PTEN  (18),  which  is  a  tumor  suppressor 
phosphatase  that  inhibits  the  PI3K/Akt  pathway.  We  then  assayed  for 
the  luc  activities.  CA-Akt  activated  the  PSA-luc  reporter  5-7-fold  in 


a  dose-dependent  manner,  whereas  DN-Akt  suppressed  the  reporte 
~2-fold  (Fig.  la),  suggesting  that  Akt  activates  PSA  transcription.  To 
compare  the  transactivation  activity  of  Akt  in  the  absence  and  pres¬ 
ence  of  the  hormone,  we  carried  out  the  same  DNA  transfection 
experiments  as  described  above,  except  that  the  cells  were  cultured  in 
phenol  red-free  medium  supplemented  with  the  chare oal-treated  se¬ 
rum  to  allow  precise  control  of  the  concentration  of  androgen.  In  the 
absence  of  androgen,  CA-Akt  stimulated  the  PSA-luc  reporter  ~5- 
fold  (Fig.  1  b.  Lane  4  versus  Lane  7),  and  DN-Akt  inhibited  the 
reporter  ~2-fold  (Fig.  lb,  Lane  7  versus  Lane  7),  suggesting  that  Akt 
can  activate  the  PSA  promoter/enhancer  in  the  absence  of  androgen. 
Consistent  with  this  concept,  PTEN,  which  is  a  well-known  PI3K/Akt 
inhibitor,  also  blocked  activation  of  the  PSA  promoter/enhancer  (Fig. 
1  b.  Lanes  10-12)  in  the  absence  or  presence  of  androgen,  further 
suggesting  that  the  Akt  pathway  may  be  required  for  transactivation  of 
the  PSA  promoter/enhancer.  Moreover,  the  PSA  transcriptional  activ¬ 
ity  induced  by  CA-Akt  in  the  absence  of  R1881  (Fig.  1  by  Lane  4 
versus  Lane  7)  is  slightly  stronger  than  that  stimulated  by  R 1881  alone 
(Fig.  1  b.  Lane  3  versus  Lane  7);  activation  of  PSA  transcription 
appears  to  be  less  effective  by  R1881  in  the  presence  of  CA-Akt 
(~  1.6-fold;  Fig.  1  b.  Lane  6  versus  Lane  4)  than  in  the  absence  of 


Fig.  1 .  Akt  activates  the  PSA  promoter/enhancer  and  promotes  survival  of  androgen- 
dependent  prostate  cancer  cells  upon  androgen  deprivation,  a,  androgen-dependent 
LNCaP  cells  were  cotransfected  with  the  PSA-luc  reporter  and  a  CMV-j3-gal  vector  plus 
a  constitutively  active  Akt  ( CA-Akt )  or  a  dominant-negative  Akt  ( DN-Akt )  or  an  empty 
vector  as  indicated  and  cultured  in  RPMI  1640  supplemented  with  5%  FBS.  ++,  double 
dose  of  +,  which  is  0.6  /xg  of  DNA.  The  luc  activity  was  measured  after  48  h  and 
expressed  as  an  arbitrary  unit;  the  /3-gal  activity  was  measured  to  normalize  variations  in 
transfection  efficiency,  b,  LNCaP  were  cotransfected  with  the  PSA-luc  reporter  and  a 
CMV-/3-gal  vector  plus  CA-Akt  or  DN-Akt  or  PTEN  or  an  empty  vector  and  cultured  in 
phenol  red-free  medium  supplemented  with  5%  of  the  c-FBS  in  the  absence  or  presence 
of  the  synthetic  androgen  R1881  (0.1  or  1.0  nM)  as  indicated.  The  normalized  luc  activity 
was  indicated  as  described  above,  c,  LNCaP  cells  were  cotransfected  with  the  CMV-luc 
reporter  and  a  CMV-/3-gal  vector  plus  CA-Akt  or  DN-Akt  or  an  empty  vector  and  cultured 
in  RPMI  1640  supplemented  with  5%  of  either  c-FBS  or  FBS.  The  percentage  of  cell 
survival  represents  the  ratio  of  the  normalized  luc  activities  between  the  cells  cultured  in 
c-FBS  and  those  cultured  in  FBS.  d,  LNCaP  cells  were  cotransfected  with  the  vectors  as 
described  above  and  cultured  in  phenol  red-free  medium  supplemented  with  5%  c-FBS 
in  the  absence  or  presence  of  R1881  (0.1  nM).  The  percentage  of  cell  survival  indicates 
the  ratio  of  the  normalized  luc  activities  between  the  cells  cultured  without  R1881  and 
with  R 1 88 1 .  The  data  represent  the  mean  value  of  at  least  three  independent  experiments; 
bars,  SD. 
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Fig.  2.  HER-2/neu  activates  AR  signaling  and 
enhances  survival  and  growth  of  androgen-dependent 
prostate  cancer  cells  upon  androgen  withdrawal  via 
the  Akt  pathway,  a,  LNCaP  were  cotransfected  with 
the  PSA-1  uc  reporter  and  a  CMV-/3-gal  vector  and 
HER-2/neu*  or  HER-2/neu*  plus  DN-Akt  or  an 
empty  vector  and  cultured  in  phenol  red-free  medium 
supplemented  with  5%  c-FBS  in  the  absence  or  pres¬ 
ence  of  R1881  (0.1  or  1.0  nM),  with  or  without 
LY294002  ( LY)  as  indicated.  The  normalized  luc  ac¬ 
tivity  was  indicated  as  described  in  the  legend  to 
Fig.  1.  Bars,  SD.  b,  LNCaP  were  cotransfected 
with  the  CMV-luc  reporter  and  a  CMV-)3-gal  vector 
and  HER-2/neu *  or  HER-2/neu*  plus  DN-Akt  or  an 
empty  vector  and  cultured  in  the  same  medium  in  the 
absence  or  presence  of  R 1881  (0.1  nM).  The  percent¬ 
age  of  cell  survival  represents  the  ratio  of  the  normal¬ 
ized  luc  activities  between  the  cells  cultured  without 
R1881  and  with  R1881.  Bars,  SD.  c,  LNCaP  were 
cotransfected  with  pDsRedl-Cl  encoding  a  RFP 
and  HER-2/neu*  or  an  empty  vector  and  cultured  in 
the  same  medium  in  the  absence  or  presence  of 
Rt  881  (0.1  nM),  with  or  without  LY  as  indicated.  The 
transfected  cells  were  incubated  with  BrdUrd,  the 
RFP+  cells  were  sorted  by  fluorescence-activated  cell 
sorter,  and  the  sorted  cells  were  plated  onto  the 
poly-L-lysine-coated  slides  using  Cytospin  II.  The 
Brdllrd-labeled  cells  were  detected  and  evaluated 
under  a  fluorescence  microscope.  The  percentage  of 
BrdUrd-labeled  cells  were  determined  based  on 
'--'400-  800  RFP+  cells  from  each  sample;  bars,  SD. 
d,  representative  fluorescent  pictures  of  the  RFP+ 
cells  are  depicted. 
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CA-Akt  (~4-fold;  Fig.  1  b,  Lane  3  versus  Lane  1).  Taken  together, 
these  results  imply  that  Akt  is  involved  in  androgen-independent 
transactivation  function. 

To  further  examine  whether  the  androgen-independent  transactiva¬ 
tion  of  Akt  can  be  extended  to  cell  survival  of  prostate  cancer  cells 
upon  androgen  withdrawal,  we  cotransfected  LNCaP  cells  with  the 
CMV-luc  reporter  plus  CA-Akt  or  DN-Akt  or  an  empty  vector  and 
then  cultured  the  cells  either  in  regular  medium  or  in  phenol  red-free 
medium  supplemented  with  the  charcoal-treated  serum.  We  used  luc 
assays  for  the  measurement  of  cell  survival  because  luc  is  rapidly 
degraded  after  cell  death,  and  it  has  been  well  established  as  a  measure 
of  cell  viability  (19,  20).  CA-Akt  enhanced  LNCaP  cell  survival 
~2-fold  in  the  absence  of  the  hormone,  whereas  DN-Akt  failed  to 
increase  LNCaP  cell  survival  (Fig.  1  c).  The  relative  survival  rate 
(percentage  of  cell  survival)  was  shown  as  a  ratio  between  the  survival 
of  LNCaP  cells  in  the  absence  and  presence  of  androgen.  To  confirm 
that  this  Akt  effect  is  independent  of  androgen,  we  performed  similar 
DNA  transfection  experiments  and  cultured  the  cells  in  phenol  red- 
free  medium  supplemented  with  the  charcoal -treated  serum  with  or 


without  R1881.  CA-Akt  significantly  increased  LNCaP  cell  survival 
in  the  absence  of  R1881,  whereas  DN-Akt  and  PTEN  decreased 
LNCaP  cell  survival  in  the  absence  of  R1881  (Fig.  Id).  Our  data 
further  support  the  notion  that  Akt  mediates  androgen-independent 
transactivation  function  and  suggest  that  Akt  may  enhance  prostate 
cancer  cell  survival  during  androgen  deprivation. 

Because  HER-2/neu  has  been  shown  recently  to  activate  AR  sig¬ 
naling  (9,  10)  and  we  have  demonstrated  previously  that  HER-2/neu 
activates  the  Akt  pathway,  we  determined  whether  Akt  may  be  in¬ 
volved  in  the  HER-2/neu- activated  AR  signaling.  We  cotransfected 
LNCaP  cells  with  the  PSA-luc  reporter  and  an  activated  form  of 
HER-2/neu  (. HER-2/neu *)  or  HER-2/neu*  plus  DN-Akt  and  cultured 
the  cells  in  the  hormone-free  medium  as  described  above.  HER-2/ 
neu*  activated  the  PSA  promoter/enhancer  ~ 8-fold  (Fig.  la,  Lane  5 
versus  Lane  2,  at  0.1  nM  R1881)  or  ~5-fold  (Fig.  la,  Lane  6  versus 
Lane  3,  at  1.0  nM  R1881)  in  the  presence  of  R 1881,  and  —10-fold 
(Fig.  2a,  Lane  4  versus  Lane  1)  in  the  absence  of  R 1881.  However, 
this  stimulatory  effect  of  HER-2/neu*  was  dramatically  reduced  by 
DN-Akt  or  an  Akt  inhibitor  LY294002  (Fig.  la),  suggesting  that 
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activation  of  the  AR  pathway  by  HER-2/neu  requires  functional  Akt. 
The  PSA-luc  reporter  construct  encodes  1400  bp  of  sequence  consist¬ 
ing  of  a  high-affinity  androgen  responsive  element  in  the  promoter 
and  an  androgen  responsive  region  in  an  upstream  enhancer  (16,  17). 
To  exclude  the  possibility  that  some  other  promoter  or  enhancer 
elements  may  attribute  to  PSA  activation  by  androgen,  we  further 
analyzed  the  PRE-luc  reporter,  which  contains  two  copies  of  high- 
affinity  androgen  response  element  (14).  Similarly,  HER-2/neu *  ac¬ 
tivated  the  PRE-luc  reporter  significantly  in  the  presence  or  absence 
of  R 1881.  However,  this  stimulatory  effect  was  blocked  by  DN-Akt 
(data  not  shown),  confirming  that  HER-2/neu  activates  AR  signaling 
via  the  Akt  pathway. 

To  address  the  critical  question  of  whether  HER-2/neu  can  enhance 
prostate  cancer  cell  survival  upon  androgen  deprivation,  we  cotrans¬ 
fected  LNCaP  cells  with  the  CMV-luc  reporter  and  HER-2/neu*  or 
HER-2/neu*  plus  DN-Akt  or  PTEN  and  cultured  the  cells  in  the 
hormone-free  medium  with  or  without  R1881  as  described  above. 
Importantly,  HER-2/neu*  significantly  increased  survival  (—30%)  of 
LNCaP  cells  in  the  absence  of  R1881,  whereas  this  enhancing  effect 
by  HER-2/neu *  was  abolished  by  DN-Akt  (Fig.  2b).  These  results 
suggest  that  HER-2/neu  promotes  prostate  cancer  cell  survival  upon 
androgen  withdrawal  through  the  Akt  pathway.  Furthermore,  to  ex¬ 
amine  whether  HER-2/neu  can  stimulate  prostate  cancer  cell  prolif¬ 
eration  during  androgen  withdrawal,  we  measured  the  DNA  synthesis 
rate  by  the  BrdUrd  incorporation  rate.  We  cotransfected  LNCaP  cells 
with  a  red  fluorescent  protein  expression  vector  pDsRedl-Cl  and 
HER-2/neu*  or  an  empty  vector  and  cultured  the  cells  in  the  hormone- 
free  medium  with  or  without  R1881.  In  addition,  one  set  of  the 
HER-2/neu*- transfected  cells  were  treated  with  LY294002.  Subse¬ 
quently,  the  red  fluorescence-positive  cells  were  sorted,  plated  on 
slides  by  cytospin,  and  assayed  for  proliferation  by  BrdUrd  incorpo¬ 
ration.  Significantly,  HER-2/neu*  augmented  the  BrdUrd  incorpora¬ 
tion  rate  (i.e.,  growth  rate)  of  LNCaP  cells  —2-fold  (Lane  3  versus 
Lane  /)  in  the  absence  of  R1881  and  —  1.5-fold  ( Lane  4  versus  Lane 
2)  in  the  presence  of  R1881  (Fig.  2c).  Representative  fluorescent 
pictures  are  shown  (Fig.  2d).  However,  this  growth-stimulatory  effect 
of  HER~2/neu*  was  strongly  blocked  by  LY294002  (Fig.  2c),  con¬ 
firming  that  activation  of  the  androgen-independent  growth  by  HER- 
2/neu  requires  a  functional  PI3-K/Akt  pathway.  Taken  together,  HER- 
2/neu  promotes  prostate  cancer  cell  survival  and  growth  upon 
androgen  deprivation  via  the  Akt  pathway. 

Because  Akt  can  activate  the  AR  pathway,  we  investigated  whether 
the  interactions  between  Akt  and  AR  can  occur  in  vivo.  Whole-cell 
lysates  of  LNCaP  cells  were  immunoprecipitated  using  an  anti-AR 
mAb  or  mouse  IgG,  and  the  immunoprecipitated  proteins  were  sub¬ 
jected  to  Western  blotting  using  an  antibody  against  phosphorylated 
Akt  (p-Akt).  Our  results  showed  that  p-Akt  (activated  Akt)  was 
coimmunoprecipitated  with  an  mAb  against  AR  but  not  with  the 
control  IgG  (Fig.  3 a),  suggesting  that  the  endogenous  AR  is  specifi¬ 
cally  associated  with  activated  Akt  in  vivo.  Comparison  of  the  amino 
acid  sequences  of  AR  among  human,  rat,  and  mouse  reveals  two 
conserved  putative  consensus  Akt  phosphorylation  sites,  Ser-213  and 
Ser-791,  based  on  the  human  sequence  (Fig.  3b).  Therefore,  we 
examined  which  sites  of  the  AR  protein  can  interact  with  CA-Akt  in 
vitro.  We  generated  and  purified  GST-fusion  proteins  containing  the 
NH2-terminal  half  of  AR  (designated  GST-AR-N)  and  the  COOH- 
terminal  portion  of  AR  (designated  GST-AR-C),  where  Ser-213  and 
Ser-791  residues  reside  in  AR-N  and  AR-C,  respectively.  Whole-cell 
lysates  of  HA-CA-Akt  transfected  293T  cells  were  incubated  with 
glutathione-Sepharose  preloaded  with  either  GST-AR-N  or  GST- 
AR-C  or  GST  protein.  The  bound  proteins  were  eluted  and  immuno- 
blotted  with  an  anti-HA  mAb.  Specific  Mr  62,000  HA-Akt  proteins 
were  detected  in  the  GST-AR-N-  and  GST-AR-C-bound  fractions  as 
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Fig.  3.  Activated  Akt  is  associated  with  AR  in  vivo  and  in  vitro  and  specifically 
phosphorylates  Ser-213  and  Ser-791  of  AR  in  vitro,  a,  the  endogenous  AR  in  LNCaP  cell 
lysate  was  immunoprecipitated  with  an  anti-AR  mAb  or  a  control  mouse  IgG  and  then 
analyzed  by  Western  blot  using  an  anti-p-Akt  antibody,  b,  two  consensus  Akt  phospho¬ 
rylation  sites  (RXRXXS/T)  are  conserved  among  human,  rat,  and  mouse  AR  amino  acid 
sequences.  The  Ser-213  and  Ser-791  residues  are  located  within  the  NH2-terminal  half  and 
the  COOH -terminal  domain  of  human  AR,  respectively,  c,  pull-down  (in  vitro )  assays  of 
HA-CA-Akt  with  GST-AR-N  or  GST-AR-C.  293T  cells  were  transfected  with  the 
HA- tagged  CA-Akt  expression  plasmid,  the  cells  were  harvested,  and  whole-cell  lysates 
were  prepared  48  h  after  transfection.  Whole-cell  lysates  were  incubated  with  each 
GST-fusion  protein  or  GST  and  glutathione-Sepharose,  washed,  and  total  bound  fractions 
were  analyzed  by  SDS-PAGE,  followed  by  Western  blotting  with  an  anti-HA  monoclonal 
antibody.  As  a  positive  control,  the  H  A-CA-Akt-transfected  cell  lysate  was  included  in  the 
Western  blot  analysis,  d.  293T  cells  were  transfected  with  the  HA-CA-Akt  expression 
plasmid,  the  cells  were  harvested,  and  whole-cell  lysates  were  prepared  48  h  after 
transfection.  After  immunoprecipitation  with  an  anti-HA  mAb,  phosphorylation  of  AR 
was  determined  by  an  immunocomplex  kinase  assay,  using  wt  or  mut  GST-AR-N  and 
GST-AR-C  as  substrates.  As  a  control  for  substrates,  an  equal  amount  of  each  GST-fusion 
protein  (50  /utg)  was  subjected  to  SDS-PAGE  (10%),  transferred  to  a  nitrocellulose 
membrane,  and  analyzed  by  Western  blot  using  an  anti-GST  antibody  (bottom  panel),  e, 
as  a  kinase  control  for  Akt,  the  same  immunocomplex  kinase  assay  was  performed  as 
described  above  using  histone  2B  as  a  substrate. 


well  as  in  the  total  lysates  (positive  control)  but  not  in  the  GST 
(negative  control)  bound  fractions  (Fig.  3c).  These  results  suggest  that 
both  domains  (Akt  phosphorylation  sites)  of  the  AR  protein  are 
specifically  associated  with  CA-Akt  protein  in  vitro.  Furthermore,  we 
determined  whether  these  two  Akt  target  sites  can  be  phosphorylated 
by  CA-Akt,  using  immunocomplex  kinase  assays.  To  test  the  speci¬ 
ficities  of  Akt  phosphorylation,  these  two  Ser-213  and  Ser-791  resi¬ 
dues  within  GST-AR-N  and  GST-AR-C  were  mutated  to  Ala  residues, 
designated  GST-AR-N/mut  and  GST-AR-C/mut,  respectively.  To 
produce  CA-Akt,  293T  cells  were  transiently  transfected  with  HA- 
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Fig.  4.  A  model  of  HER-2/neu  activation  of  the  Akt-AR  pathway  that  promotes 
survival  and  proliferation  of  androgen-dependent  prostate  cancer  cells  upon  androgen 
deprivation. 


CA-Akt.  Whole-cell  lysates  of  the  transfected  cells  were  immunopre- 
cipitated  using  an  anti-HA  mAb,  and  the  immunoprecipitated  proteins 
were  subjected  to  immunocomplex  kinase  assays  using  GST-AR-N 
(wt  or  mut)  and  GST-AR-C  (wt  or  mut)  as  substrates.  Phosphorylation 
of  GST-AR-N/wt  and  GST-AR-C/wt  was  readily  detected,  whereas 
phosphorylation  of  GST-AR-N/mut  and  GST-AR-C/mut  was  not  de¬ 
tectable  (Fig.  3d),  suggesting  that  Ser-213  and  Ser-791  were  specifi¬ 
cally  phosphorylated  by  CA-Akt.  As  a  positive  control,  the  same 
immunoprecipitated  proteins  were  subjected  to  an  immunocomplex 
kinase  assay  using  histone  2B  as  a  substrate  (Fig.  3e).  As  shown  in 
Fig.  4,  a  model  is  depicted  to  illustrate  the  proposed  parallel  cell 
survival  and  proliferation  pathways  induced  by  HER-2/neu  via  the 
Akt  pathway  from  the  current  study  or  the  MAP  kinase  pathway  as 
well  reported  previously  (4,  5).  To  our  knowledge,  this  is  the  first 
evidence  that  HER-2/neu  activates  AR  via  the  Akt  pathway  and  may 
provide  an  interpretation  of  how  HER-2/neu  can  restore  AR  signaling 
to  prostate  cancer  cells  during  androgen  ablation.  The  effect  of  Ser- 
213  and  Ser-791  mutants  on  AR  function  and  response  to  HER-2/neu- 
Akt  activation  deserves  further  investigation  and  may  open  an  alter¬ 
native  avenue  for  understanding  the  molecular  mechanism  of  the 
androgen-independent  survival  and  growth  of  prostate  cancer  cells.  It 
may  lead  to  a  new  direction  for  developing  novel  anticancer  therapies 
for  the  androgen-refractory  prostate  cancers. 
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Abstract 


p202,  an  interferon-inducible  protein,  interacts  with  certain  transcriptional  activators 
leading  to  transcriptional  repression.  p202  expression  has  been  associated  with  inhibition 
of  cancer  cell  growth  in  vitro  and  in  vivo.  To  examine  a  potential  p202-mediated  anti¬ 
tumor  activity  in  pancreatic  cancer,  we  used  both  ectopic  and  orthotopic  xenograft 
models  and  demonstrated  that  p202  expression  is  associated  with  multiple  anti-tumor 
activities  that  include  inhibition  of  tumor  growth,  reduced  tumorigenecity,  prolonged 
survival,  and  remarkably,  suppression  of  metastasis  and  angiogenesis.  In  vitro  invasion 
assay  also  showed  that  p202-expressing  pancreatic  cancer  cells  are  less  invasive  than 
those  without  p202  expression.  That  observation  was  supported  by  the  findings  that 
p202-expressing  tumors  showed  reduced  expression  of  angiogenic  markers  such  as  IL-8, 
and  VEGF,  and  p202-expressing  pancreatic  cancer  cells  have  reduced  level  of  MMP-2 
activity,  a  secreted  protease  activity  important  for  metastasis.  Importantly,  we 
demonstrated  a  treatment  efficacy  by  using  p202/SN2  liposome  complex  in  a  nude  mice 
xenograft  model,  suggesting  a  feasibility  of  using  p202/SN2  liposome  in  future  pre- 
clinical  gene  therapy  experiments.  Together,  our  results  strongly  suggest  that  p202 
expression  mediates  multiple  anti-tumor  activities  against  pancreatic  cancer,  and  that  may 
provide  a  scientific  basis  for  developing  a  p202-based  gene  therapy  in  pancreatic  cancer 
treatment. 
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Introduction 


Pancreatic  cancer  is  highly  aggressive  and  is  a  leading  cause  of  cancer  death  in  the 
western  countries.  The  deadliness  of  this  disease  is  illustrated  by  the  prediction  in  1999 
that  28,600  new  cases  would  be  diagnosed  and  most  of  them  would  be  fatal  (1).  The 
main  reason  for  the  extremely  poor  prognosis  is  the  fact  that  patients  often  present  with 
advanced  stage  at  the  time  of  diagnosis.  The  median  survival  varies  between  4-6  months 
and  the  five-year  survival  rate  is  less  than  2%  (2).  Currently,  there  is  no  effective 
treatment  for  this  deadly  disease  since  conventional  chemotherapy  and  radiation 
treatments  have  had  very  limited  success  to  improve  patient  survival  (3).  Therefore, 
novel  treatment  strategies  against  this  disease  are  urgently  needed. 

p202  is  an  interferon-inducible  protein  and  its  expression  is  associated  with  growth 
inhibition  (4,  5).  The  findings  that  p202  interacts  with  cell-cycle  transcriptional 
regulators  such  as  E2F-1/DP-1,  E2F-4/DP-1,  AP-1  (c-Fos/c-Jun),  and  c-Myc,  and 
represses  their  transcriptional  activities  have  provided  insight  into  the  molecular 
mechanism  by  which  p202  mediates  growth  inhibition  (6-10).  We  have  previously 
documented  that  p202  inhibits  human  cancer  cell  growth  in  vitro  and  suppresses  tumor 
growth  in  vivo  (11,  12).  Furthermore,  we  showed  that  p202  expression  sensitizes  breast 
cancer  cells  to  TNF-a-induced  apoptosis.  The  mechanism  responsible  for  the  p202- 
mediated  sensitization  is  likely  due  to  the  inactivation  of  TNF-a-induced  NF-kB  by  p202 
(12).  In  light  of  the  anti-apoptotic  role  of  NF-kB  in  TNF-a-mediated  apoptosis  (13),  we 
have  hypothesized  that  NF-kB  inactivation  by  p202  leads  to  the  abolishment  of  the  anti- 
apoptotic  process  and  results  in  sensitizing  cancer  cells  to  TNF-a-induced  apoptosis.  On 
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the  other  hand,  the  aberrant  NF-kB  activity  has  been  implicated,  at  least  in  part,  in 
tumorigenesis  and  chemo-resistant  phenotype  of  certain  human  cancers  including 
pancreatic  cancer  (14,  15).  Thus,  it  is  likely  that  p202-based  gene  therapy  may  be 
particularly  useful  in  targeting  tumors  that  contain  such  aberrant  NF-kB  activity.  In  this 
study,  we  tested  that  possibility  in  pancreatic  cancer  cells  that  possess  the  constitutively 
active  NF-kB  (16).  We  showed  that,  in  addition  to  the  growth  inhibition  in  vitro  and 
tumor  suppression  in  vivo,  p202  expression  was  found  associated  with  suppression  of 
metastasis  and  angiogenesis  in  orthotopic  pancreatic  cancer  xenogrft  model.  Importantly, 
we  demonstrated  a  treatment  efficacy  of  using  p202/liposome  gene  therapy  in  a 
pancreatic  cancer  xenograft  model.  Together,  our  results  raise  a  possibility  of  using 
p202-based  gene  therapy  strategy  in  pancreatic  cancer  treatment. 


Materials  and  Methods 

Cell  Culture.  Human  pancreatic  cancer  cell  lines  Capan-1,  PANC-1,  BxPC-3,  AsPC-1, 
and  CFPAC-1  were  obtained  from  the  American  Type  Culture  Collection  (ATCC)  and 
maintained  as  recommended.  Transfected  cell  lines  were  maintained  in  complete 
medium  containing  500  pg/ml  G418  (Life  Technologies,  Inc.). 

Colony-forming  Assay.  Cells  were  transfected  with  a  p202  expression  vector  (CMV- 
p202)  (in  which  p202  cDNA  is  driven  by  CMV  promoter),  or  an  control  vector 
(pcDNA3).  Both  plasmids  contain  neomycin  resistant  gene.  Three  weeks  after 
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transfection  and  G418  selection,  cell  colonies  were  stained  by  0.5%  crystal  violet 
containing  20%  ethanol. 

Western  Blot  Analysis.  Protein  lysate  was  prepared  with  RIPA-B  cell  lysis  buffer 
containing  20  mM  Na2PC>4  (pH  7.4),  150  mM  NaCl,  1%  Triton  X-100,  100  mM  NaF,  2 
mM  Na3V04,  5  mM  PMSF,  1%  aprotinin,  and  10  pg/ml  leupeptin.  Rabbit  anti-p202 
polyclonal  antibody  was  kindly  provided  by  Dr.  Divaker  Choubey  (Loyola  University, 
Chicago).  Donkey  anti-rabbit  IgG  peroxidase  (Jackson)  was  used  as  secondary  antibody. 
Western  blots  were  developed  by  enhanced  chemiluminescence  (ECL)  (Amersham). 

Northern  Blot  Analysis.  Total  RNA  was  isolated  from  PANC-1,  pcDNA3,  p202-l,  and 
p202-2  cells  using  a  TRIZOL  RNA  isolation  kit  (GIBCO  BRL).  Twenty  micrograms  of 
total  RNA  were  separated  by  electrophoresis  under  denaturing  conditions  and  then 
transferred  to  a  Hybond  N+  membrane.  Full-length  p202  cDNA  isolated  from  CMV-p202 

an 

plasmid  by  BamHl  digest  was  gel-purified  and  P-labeled  by  using  a  random-labeling 
kit.  Hybridization  was  performed  at  65°C  overnight  in  solution  containing  1%  BSA 
(W TV),  0.2  M  sodium  phosphate,  1  mM  EDTA,  7%  SDS  (W/V),  15%  formamide  and  40 
pg/ml  salmon  testes  DNA  (Sigma).  The  blot  was  subsequently  washed  three  times  in  40 
mM  sodium  phosphate,  1  mM  EDTA,  1%  SDS  (W/V)  at  65°C  for  5  min  per  wash,  and 
twice  at  70°C  for  10  min  per  wash.  The  p202  RNA  (1.8  kb)  was  visualized  by  using  a 
Phospholmager. 
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Transfection  and  Luciferase  Assays.  PANC-1,  pcDNA3,  and  p202-l,  and  p202-2  cells 
were  transfected  with  the  0.5  pg  of  kB-1uc  construct  and  0.1  pg  of  the  internal 
transfection  control  (pRL-TK,  Promega).  Forty-eight  hours  after  transfection,  cells  were 
harvested  and  luciferase  activity  was  measured  using  the  dual  luciferase  assay  system 

(Promega)  according  to  the  protocol  supplied  by  the  manufacture.  The  kB-1uc  activity 

was  normalized  by  the  internal  control  luciferase  activity  of  pRL-TK.  To  determine  the 
p202  dose  effect,  PANC-1  cells  were  co-transfected  with  50  ng  of  CMV-luc  and 
increasing  amount  (0,  0.5,  or  2  pg)  of  CMV-p202.  The  total  amount  of  DNA  transfected 
at  each  p202  dose  was  kept  constant  (2.05  pg)  by  adding  an  appropriate  amount  of 
pcDNA3  vector.  Luciferase  activity  was  measured  48  h-after  transfection.  The  relative 
activities  were  calculated  by  setting  the  luciferase  activities  obtained  from  transfections 
without  CMV-p202  (0  pg)  at  100%.  The  data  represent  mean  ±  S.D.  of  two  independent 
experiments. 

Soft  Agar  Assay.  Aliquots  of  cells  (1  x  104)  were  mixed  at  37°C  with  0.5%  agarose  (sea 
plaque,  low  gelling  temperature,  FMC  Bioproducts,  Rockland,  ME)  in  complete  medium 
and  gelled  at  4°C  for  15  min  over  a  previously  gelled  layer  of  1%  agarose  in  complete 
medium  in  six-well  dishes.  After  incubation  for  3  weeks,  200  pi  of  1  mg/ml  p- 
iodonitrotetrazolium  violet  was  added  and  incubated  for  additional  24  h.  Colonies  were , 
photographed  using  a  Zeiss  microscope  and  counted  using  computer  software  associated 
with  the  microscope. 
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Ectopic  Tumorigenicity  Assays  in  Nude  Mice.  Aliquots  of  cells  (1  x  106)  in  200  pi  of 
PBS  were  injected  subcutaneously  on  both  sides  of  the  abdomen  of  4-5-week  old  female 
nude  mice.  Tumor  sizes  were  measured  with  a  caliper  every  week.  The  tumor  volume 
was  calculated  using  the  formula:  Vol.  =  SxSxL/2,  where  S  =  the  short  length  of  the 
tumor  in  cm,  and  L  =  the  long  length  of  the  tumor  in  cm. 

Orthotopic  Tumorigenicity  and  Survival  Assays  in  Nude  Mice.  Aliquots  of  cells  (1  x 
106)  were  suspended  in  50  (xl  of  PBS  as  single-cell  suspensions.  Nude  mice  were 
anesthetized  with  methoxyflurane  and  placed  in  the  supine  position.  An  upper  midline 
abdomen  incision  was  made,  and  the  pancreas  was  exteriorized.  Tumor  cells  were 
injected  into  the  tail  of  the  pancreas  and  the  abdomen  was  closed  using  wound  clip. 
Animals  were  sacrificed  3  months  after  tumor  inoculation.  Tumors  in  the  pancreas  were 
harvested  and  weighed.  Livers  were  fixed  in  Bouin’s  solution  for  24  h  to  differentiate  the 
neoplastic  lesions  from  the  organ  parenchyma,  and  the  metastases  on  the  surface  of  liver 
were  counted  with  the  aid  of  a  dissecting  microscope.  For  survival  assays,  daily  survival 
of  mice  was  monitored  and  recorded  as  dead  or  euthanized  when  the  animals  reached  the 
moribund  stage. 

In  Vitro  Invasion  Assay.  The  procedure  was  followed  as  described  previously  (17), 
except  for  the  following  modification:  the  24-well  chamber  with  an  8-pm  pore  size 
polycarbonate  filter  (Costar  Co.,  Cambridge,  MA)  was  coated  with  Matrigel  (Bacton 
Dickenson  Labware,  Bedford,  MA)  according  to  the  manufacture  protocol. 
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Zymography.  Cells  were  grown  to  70%  confluency  in  DMEM/F12  media  containing 
10%  FBS  and  switched  to  serum  free  media  (17).  After  two  days  of  incubation,  the 
conditioned  media  was  collected,  passed  through  a  0.22  jim  filter,  and  then  concentrated 
to  a  small  volume  on  Centricon  YM  30  filter  units.  Four  micrograms  of  each  sample  was 
loaded  on  the  gel.  For  the  positive  control,  0.25  n  1  of  fetal  calf  serum  was  used. 
Zymography  was  performed  using  gelatin-embedded  SDS  gels  as  previously  described 
(17). 

Immunohistochemistry.  Tumor  tissue  sections  (5  fim  thick)  of  the  formalin-fixed, 
paraffin-embedded  specimens  were  deparaffinized  in  xylene  and  rehydrated  in  graded 
alcohol.  The  endogenous  peroxidase  was  blocked  by  the  use  of  3%  hydrogen  peroxide  in 
PBS  for  12  min.  The  samples  were  incubated  for  20  min  at  room  temperature  with  a 
protein  blocking  solution  containing  5%  normal  horse  serum  and  1%  normal  goat  serum 
and  in  PBS.  Samples  were  then  incubated  at  4  °C  in  a  1:50  dilution  of  rabbit  polyclonal 
anti-IL-8  antibody  (Biosource  International,  Camarillo,  CA),  or  1:50  dilution  of  rabbit 
anti-VEGF  antibody,  followed  by  the  incubation  with  peroxidase-conjugated  anti-rabbit 
IgG  at  room  temperature  for  1  h,  and  with  diaminobenzidene  (Research  Genetics)  for  5 
min.  The  sections  were  counter-stained  with  Mayer’s  hematoxylin  (Biogenex 
Laboratories,  San  Ramon,  CA)  and  mounted  with  a  Universal  mount  (Research 
Genetics).  Examined  under  a  microscope,  a  positive  reaction  was  indicated  by  a  reddish- 
brown  precipitate  in  the  cytoplasm  or  the  nucleus.  Tissue  sections  vessels  in  solid  tumors 
growing  in  the  pancreas  of  nude  mice  were  determined  under  light  microscope  after 
immune  staining  of  sections  with  anti-CD3 1  antibodies.  Cryostat  sections  of  tumors 
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were  fixed  with  2%  paraformaldehyde  in  PBS  (pH  7.5)  for  10  min  at  room  temperature 
and  processed  for  immunostaining  as  described  above  for  paraffin  embedded  tissues. 

p202  Gene  Therapy  Treatment  in  Human  Pancreatic  Cancer  Xenograft  Model. 

Aliquots  of  PANC-1  cells  (1  x  106)  in  200  p.1  of  PBS  were  injected  (per  site) 
subcutaneously  on  both  sides  of  the  abdomen  of  4-5 -week  old  female  nude  mice.  After 
tumors  reached  5  mm  in  diameter,  mice  received  treatment  with  p202/SN2  complex 
through  intratumor  injection.  For  each  injection,  15  p,g  of  CMV-p202  or  the  control 
vector,  i.e.,  a  luciferase  cDNA  driven  by  a  CMV  promoter  (CMV-luc),  was  complexed 
with  30  jig  of  SN2.  CMV-p202/SN2  complex  was  administrated  twice  a  week.  Mice  in 
the  control  group  were  injected  with  either  CMV-luc/SN2  complex  or  SN2  alone.  Tumor 
size  and  treatment  related  side  effect  were  monitored  twice  a  week.  SN2  is  a  liposome- 
based  non-viral  delivery  system  developed  recently  by  our  group  (Zou  and  Hung, 
unpublished  results). 


Results 

p202  expression  inhibits  human  pancreatic  cancer  cell  growth  in  vitro.  To  determine 
the  growth  inhibitory  activity  of  p202  in  human  pancreatic  cancer  cells,  we  performed  a 
colony-forming  assay  on  five  human  pancreatic  cancer  cell  lines,  i.e.,  Capan-1,  PANC-1, 
BxPC-3,  AsPC-1,  and  CFPAC-1.  (All  of  them  are  known  to  possess  the  constitutively 
active  NF-kB  (16).)  As  shown  in  Table  1,  with  all  cell  lines  tested,  the  number  of  G418- 
resistant  colonies  in  the  p202-transfected  cells  was  consistently  fewer  than  that  of  the 
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pcDNA3 -transfected  cells  with  a  reduction  ranged  from  75%  (BxPC-3)  to  100% 
(CFPAC-1).  This  result  suggests  that  p202  possesses  a  strong  growth  inhibitory  activity 
in  human  pancreatic  cancer  cells.  Consistent  to  that  observation,  our  effort  to  isolate 
p202  stable  pancreatic  cancer  cell  lines  has  yielded  only  two  p202-expressing  PANC-1 
clones  (i.e.,  p202-l  and  p202-2)  out  of  twenty  G418-resistant  clones  screened  by  western 
analysis.  p202-l  expresses  a  higher  level  of  p202  protein  than  p202-2  (Fig.  la),  and  that 
correlates  well  with  the  levels  of  p202  mRNA  expression  of  these  clones  as  determined 
by  a  northern  blot  analysis  (Fig.  lb).  To  test  if  p202  expression  inhibits  NF-kB  activity 
in  the  p202-expressing  cells  (12),  we  perform  a  gel-shift  assay  and  found  that  the  p202 
expression  level  in  p202-l  and  p202-2  cells  is  efficient  to  abolish  the  DNA  binding 
activity  of  NF-kB  (data  not  shown).  The  reduced  NF-kB  DNA  binding  activity  in  p202- 
expressing  cells  was  further  confirmed  by  the  reduced  NF-KB-mediated  promoter  activity 
in  p202-l  and  p202-2  cells  as  compared  with  that  in  the  control  cells  (pcDNA3)  (Fig.  lc). 
As  shown  in  Fig.  2a,  the  growth  rate  of  p202-l  cells  is  the  slowest  as  compared  with  that 
of  PANC-1,  vector  control  (pcDNA3),  and  the  low  p202  expressor,  p202-2,  cells.  The 
different  levels  of  p202  expression  may  account  for  the  different  growth  rates  seen 
between  p202-l  and  p202-2  cells.  This  result  is  consistent  to  our  previous  observation 
that  the  extent  of  growth  inhibition  is  p202  dose  dependent  (11).  To  further  confirm  that 
observation,  we  performed  a  transient  transfection  assay  in  which  a  fixed  amount  (50  ng) 
of  CMV-luc  was  co-transfected  with  increasing  amount  (0,  0.5,  and  2  |i.g)  of  CMV-p202 
in  PANC-1  cells.  Since  the  apparent  luciferase  activity  is  indicative  of  living  cells,  we 
showed  that  p202  expression  caused  overall  growth  inhibition  in  a  dose-dependent 
manner  (Fig.  2b).  Under  the  same  condition,  no  apparent  apoptosis  was  observed  as 
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determined  by  flow  cytometry  analysis  to  detect  sub-Gl  apoptotic  cells  (data  not  shown). 
Thus,  our  results  support  the  idea  that  the  level  of  p202  expression  is  proportional  to  its 
growth  inhibitory  activity.  Consistent  to  the  ability  of  p202  to  suppress  transformation 
phenotype  (11,  12),  both  p202-l  and  p202-2  cells  showed  a  significant  reduction  in  the 
number  of  soft-agar  colonies  as  compared  with  that  of  the  control  cell  lines,  i.e.,  PANC-1 
and  pcDNA3  (Fig.  2c).  Our  results  thus  indicate  that  p202  is  a  potent  growth  inhibitor  in 
suppressing  pancreatic  cancer  cell  growth. 

p202  expression  suppresses  tumorigenicity  in  ectopic  and  orthotopic  pancreatic 
cancer  xenograft  models.  To  determine  if  p202  expression  could  mediate  an  anti-tumor 
effect  on  pancreatic  cancer  cells  in  vivo,  we  first  examined  if  p202  suppresses  the 
tumorigenicity  of  PANC-1  cells.  p202-l  and  p202-2  cells  were  subcutaneously  (s.c.) 
injected  into  nude  mice  and  tumor  growth  was  monitored  thereafter.  As  shown  in  Fig. 
3a,  p202-l  tumors  grew  significantly  slower  than  the  vector-transfected  PANC-1  tumors. 
p202-2  tumors  (which  express  less  p202  than  p202-l  tumors)  on  the  other  hand  started  to 
show  a  modest  growth  reduction  12  weeks  after  injection  as  compared  with  that  of  the 
control  tumors.  Like  in  p202-mediated  growth  inhibition,  the  extent  of  anti-tumor 
activity  observed  here  appears  to  be  dependent  on  the  level  of  p202  expression.  To 
further  examine  the  p202-mediated  anti-tumor  activity  in  an  organ  (pancreas)-specific 
environment,  we  injected  p202-l  and  p202-2  cells  directly  into  mouse  pancreas.  Three 
months  after  injection,  mice  were  sacrificed  and  tumor  growth  was  measured.  We  found 
that,  while  PANC-1  tumors  and  vector  control  tumors  grew  readily  in  mouse  pancreas  at 
100%  frequency  (5/5),  p202-l  and  p202-2  cells  are  tumorigenic  at  a  much  lower 
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frequency,  i.e.,  20%  (1/5)  and  40%  (2/5),  respectively  (Table  2).  Furthermore,  the 
average  tumor  size  (measured  by  weight)  of  the  control  tumors  was  about  five  times  that 
of  p202-l  or  p202-2  tumors.  When  the  survival  rate  was  measured,  we  observed  that 
mice  bearing  p202  tumors  had  a  longer  survival  than  those  bearing  control  tumors 
without  p202  expression  (Fig.  3b).  In  particular,  mice  bearing  p202-l  or  p202-2  tumors 
had  50%  survival  at  90  days  after  implantation  as  opposed  to  the  mice  bearing  either 
PANC-1  or  vector  control  tumors  that  showed  0%  survival  at  the  same  time.  Our  results 
clearly  demonstrated  a  potent  anti-tumor  activity  of  p202  in  orthotopic  pancreatic  cancer 
xenograft  models,  but  to  a  less  extent  in  the  ectopic  environment. 

p202  expression  suppresses  metastasis  in  pancreatic  tumors.  Upon  examining  the 
orthotopic  pancreatic  tumor  xenograft  model,  we  observed  liver  metastasis  in  40%  (2/5) 
and  20%  (1/5)  of  mice  bearing  either  PANC-1  tumors  or  vector  control  tumors, 
respectively.  In  contrast,  we  found  no  detectable  liver  metastasis  in  mice  bearing  p202 
tumors  (Table  2).  This  result  suggests  a  possible  anti-metastasis  function  of  p202  in 
pancreatic  cancer  cells.  To  test  that  possibility  in  vitro,  we  employed  a  double-chamber 
assay  (17)  in  which  the  test  cells  were  grown  in  the  top  chamber,  and  the  bottom  chamber 
was  filled  with  conditioned  media  containing  chemo-attractant,  e.g.,  laminin.  A  Matrigel 
coated  membrane  was  used  to  separate  the  two  chambers.  To  migrate  from  the  top 
chamber  to  the  bottom  chamber,  cells  must  digest  away  the  reconstituted  basement 
membrane  matrix  by  producing  secretory  proteases  such  as  matrix  metalloproteinases 
(MMPs)  and  then  penetrate  through  pores  on  the  membrane.  Thus,  this  assay  somewhat 
mimics  a  typical  metastatic  process,  and  the  number  of  cells  found  on  the  bottom  side  of 
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the  membrane  (which  can  be  visualized  by  Giemsa  staining,  i.e.,  blue  cells  (Fig.  4 a))  is 
indicative  of  the  metastatic  potential  of  the  test  cells.  Based  on  this  criteria,  we  found 
that  p202-l  possesses  the  least  metastatic  potential  among  the  cell  lines  tested  (Fig.  4 b). 
p202-2  and  p202-pool  cells  (i.e.,  the  pooled  p202-transfected  clones)  have  slightly  lower 
metastatic  potential  than  that  of  PANC-1  or  vector  control  cells  (Fig.  4 a  and  4b).  Since 
MMP-2  (72  kD)  is  one  of  the  important  MMPs  secreted  by  cancer  cells  during  the 
metastatic  process  (18),  we  examined  if  MMP-2  expression  is  altered  in  p202-l  and 
p202-2  cells  by  employing  a  zymography  to  analyze  the  MMP-2  activity  in  each  cultured 
medium.  As  shown  in  Fig.  4c,  the  level  of  MMP-2  secreted  by  p202-l  cells  is  greatly 
reduced,  but  PANC-1,  vector  control  (pcDNA3-l  and  -2),  and  p202-2  cells  maintain  a 
high  level  of  secreted  MMP-2.  Although  the  MMP-2  level  is  not  significantly  reduced  in 
p202-2  cells,  it  is  likely  that  the  low  p202  expression  level  accounts  for  the  difference  in 
both  the  MMP-2  activity  and  the  in  vitro  invasiveness  between  p202-l  and  p202-2  cells. 
The  MMP-2  activity  in  serum  serves  as  a  positive  control.  Together,  our  in  vivo  and  in 
vitro  results  support  the  idea  that  p202  expression  suppresses  metastatic  potential  of 
pancreatic  cancer  cells. 

p202  expression  suppresses  angiogenesis  in  pancreatic  tumors.  It  has  been  well 
documented  that  tumor  growth  and  metastasis  require  persistent  growth  of  new  blood 
vessel  (neovasculature)  (19).  To  examine  if  the  reduced  tumorigenecity  of  p202- 
expressing  pancreatic  cancer  cells  is  associated  with  a  reduced  angiogenesis,  we  analyzed 
the  formation  of  neovasculature  in  p202-l  tumors  and  Panc-1  tumors  obtained  from  the 
orthotopic  pancreatic  cancer  xenografts.  Fig.  5  shows  that  the  number  of  blood  vessels 
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(stained  by  antibody  against  a  blood  vessel  marker,  i.e.,  CD3 1  (20))  was  significantly 
reduced  in  p202-l  tumor  as  compared  with  PANC-1  tumor.  Since  the  expression  of 
angiogenic  factors  such  as  IL-8  and  VEGF  are  critical  for  the  onset  of  angiogenesis  (19), 
we  examined  a  possible  correlation  between  the  expression  of  these  proteins  and  the 
reduced  angiogenesis  in  p202-l  tumors.  Using  immunohistochemical  analysis  with 
antibody  specific  to  IL-8  or  VEGF,  we  showed  that  p202-l  tumor  has  much  reduced  IL-8 
and  VEGF  protein  staining  (dark  gray  color)  as  compared  with  that  of  PANC-1  tumor 
(Fig.  5).  These  results  strongly  suggest  that  p202  expression  in  pancreatic  tumors  is 
associated  with  suppression  of  angiogenesis. 

p202/liposome  treatment  suppresses  tumor  growth  in  a  pancreatic  cancer  xenograft 
model.  Based  on  the  strong  anti-tumor  activity  of  p202  in  human  pancreatic  cancer  cells 
described  above  (Fig.  2  and  Table  2),  we  tested  a  potential  therapeutic  effect  of  p202 
gene  therapy  treatment  in  a  s.c.  pancreatic  cancer  model.  Briefly,  the  mice  bearing  s.c. 
PANC-1  tumors  were  treated  by  intratumor  injection  of  CMV-p202/SN2  complex  twice  a 
week  for  eight  weeks.  (SN2  is  a  lipid  formula  developed  in  our  laboratory,  and  when 
complex  with  DNA,  it  enhances  in  vivo  and  in  vitro  transfection  efficiency  (Zhou  and 
Hung,  unpublished  results)).  The  control  groups  consisted  of  tumor-bearing  mice  treated 
with  SN2  alone  (SN2)  or  CMV-luc/SN2  complex.  As  shown  in  Fig.  6,  while  there  was 
no  significant  difference  in  tumor  growth  between  SN2  and  CMV-luc/SN2  complex 
treatment  groups,  the  CMV-p202/SN2  treated  tumors  exhibited  a  slower  growth  rate  than 
that  of  the  control  treatments.  This  proof-of-concept  experiment  clearly  shows  a 
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feasibility  of  using  CMV-p202/SN2  complex  to  achieve  a  therapeutic  effect  on  an  ectopic 
pancreatic  cancer  xenograft  model. 


Discussion 

In  this  report,  we  showed  that  p202  expression  resulted  in  a  growth  inhibition  of 
pancreatic  cancer  cells  in  vitro  and  in  vivo.  The  enforced  expression  of  p202  correlates 
well  with  the  inactivation  of  the  otherwise  constitutively  active  NF-kB.  This  observation 
is  significant  because  persistent  NF-kB  activity  was  associated  with  anti-apoptosis  and 
chemo-resistance  in  human  cancers  (14,  15),  and  that  sets  the  stage  for  us  to  test  if  p202 
expression  can  sensitize  these  pancreatic  cancer  cells  to  chemotherapy  treatment.  To 
date,  very  few  chemo-drugs  are  found  beneficial  in  treating  pancreatic  cancer  (3),  and  the 
constitutive  activation  of  NF-kB  is  likely  to  contribute  to  such  chemo-resistant 
phenotype.  It  is  therefore  possible  that  a  p202-based  gene  therapy  may  restore  chemo- 
sensitivity  and  leads  to  a  potential  p202/chemo-drug  combined  treatment  for  pancreatic 
cancer.  Experiments  are  underway  to  test  that  hypothesis. 

We  observed  a  more  pronounced  p202-mediated  anti-tumor  activity  (i.e.,  reduced  tumor 
growth  and  prolonged  survival)  in  orthotopic  pancreatic  cancer  xenograft  model  than  that 
in  a  s.c.  ectopic  xenograft  model.  Although  the  reason  for  the  differential  therapeutic 
effect  remains  unknown,  it  does  indicate  that  orthotopic  xenograft  model  is  not  only  a 
more  relevant  but  also  a  better  model  to  evaluate  future  treatment  efficacy  of  p202-based 
gene  therapy  than  the  s.c.  ectopic  model.  We  also  observed  a  decreased  vascularity 
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(CD31  staining)  and  a  decreased  level  of  angiogenic  factors,  e.g.,  IL-8  and  VEGF,  in 
p202-expressing  tumors.  Thus,  our  results  suggest  that  p202  inhibits  the  expression  of 
angiogenic  factors  and  that  in  turn  leads  to  suppression  of  angiogenesis.  Remarkably,  we 
observed  that  mice  bearing  p202-expressing  tumors  apparently  lacked  liver  metastasis, 
and  that  correlates  with  a  reduced  invasiveness  and  a  reduction  in  MMP-2  expression  in 
vitro.  Together,  our  data  present  the  first  evidence  to  suggest  that  p202  expression  is 
associated  with  suppression  of  both  angiogenesis  and  metastasis. 

Finally,  we  showed  a  significant  therapeutic  effect  using  CMV-p202/SN2  treatment  in, 
albeit,  a  s.c.  pancreatic  cancer  xenograft  model.  It  nevertheless  implicates  a  feasibility  of 
using  a  p202-based  gene  therapy  treatment  for  pancreatic  cancer.  Given  that  the 
orthotopic  model  is  a  better  system  to  study  the  efficacy  of  p202  anti-tumor  activity  as 
indicated  in  this  report,  it  is  possible  that  CMV-p202/SN2  treatment  may  yield  even 
better  anti-tumor  activity  in  orthotopic  xenograft  model.  A  success  of  a  p202 -based  gene 
therapy  in  orthotopic  model  will  pave  the  way  for  future  experiments  to  determine  the 
efficacy  p202/chemo-drug  combined  treatment  in  pre-clinical  gene  therapy  settings. 
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Figure  Legends 


Fig.  1.  Generation  of  the  p202-expression  PANC-1  cells,  a,  Two  p202-expressing 
PANC-1  cell  lines  (p202-l  and  p202-2)  were  generated  and  the  p202  protein  (52  kD) 
expression  was  analyzed  by  western  blot  using  p202-specific  antibody.  The  68  kD  non¬ 
specific  band  serves  as  an  internal  loading  control.  The  positive  control  is  AKR-2B  cells 
stimulated  by  IFN-a  (Control)  and  the  vector  (pcDNA3)-transfected  cells  serve  as 
negative  control,  b,  p202  mRNA  expression  in  p202-l  and  p202-2  cells.  Twenty 
micrograms  of  total  RNA  isolated  from  PANC-1,  pcDNA3,  p202-l,  and  p202-2  cells 
were  analyzed  by  northern  blot  using  a  full-length  p202  cDNA  as  a  probe.  The  p202- 
specific  RNA  (1.8  kb)  is  indicated.  As  internal  loading  controls,  18S  and  28S  rRNAs  on 
the  membrane  after  gel  transfer  were  stained  by  ethidium  bromide,  c,  p202  expression 
inhibits  the  NF-KB-mediated  transcription.  A  luciferase  gene  driven  by  IkB  promoter 
(kB-1uc)  was  transfected  into  p202-l,  p202-2,  and  vector  control  (pcDNA3)  cells 
followed  by  luciferase  assay.  The  relative  luciferase  activity  is  shown  with  that  in 
pcDNA3  cells  set  at  100%. 

Fig.  2.  The  p202-expressing  PANC-1  cells  exhibit  a  reduced  growth  in  vitro,  a.  The 
growth  rate  of  PANC-1  (parental),  pcDNA3,  p202-l,  and  p202-2  cells  was  measured  by 
MTT  assay.  Each  measurement  was  done  in  quadruplicates,  b,  The  p202  dose  effect  on 
growth  inhibition.  PANC-1  cells  were  co-transfected  with  50  ng  of  CMV-luc  and 
increasing  amount  (0,  0.5,  or  2  jig)  of  CMV-p202.  The  relative  activities  were  calculated 
by  setting  the  luciferase  activities  obtained  from  transfections  without  CMV-p202  (0  pg) 
at  100%.  The  data  represent  mean  ±  S.D.  of  two  independent  experiments,  c,  PANC-1, 
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pcDNA3,  p202-l,  and  p202-2  cells  were  grown  in  soft  agar.  The  colony  number  was 
scored  three  weeks  after  seeding  by  p-iodonitrotetrazolium  violet  staining.  The  relative 
number  is  presented  using  that  of  the  parental  cells  as  100%. 

Fig.  3.  p202  expression  mediates  anti-tumor  activity  in  vivo,  a,  Tumorigenicity  assay. 
PANC-1  (control),  p202-l,  and  p202-2  cells  were  subcutaneously  implanted  in  the 
abdomen  of  4-5-week  old  female  nude  mice  (five  mice  per  group).  Tumor  sizes  were 
measured  with  a  caliper  every  week.  The  tumor  volume  was  calculated  using  the 
formula:  Vol.  =  SxSxL/2,  where  S  =  the  short  length  of  the  tumor  in  cm,  and  L  =  the  long 
length  of  the  tumor  in  cm.  b.  Mice  bearing  p202-expressing  PANC-1  tumors  in  pancreas 
exhibited  a  longer  survival  rate.  PANC-1,  pcDNA-3,  p202-l,  and  p202-2  cells  were 
injected  orthotopically  into  mouse  pancreases.  Time  of  death  was  recorded  and  the 
survival  rate  is  calculated  as  the  percentage  of  the  survived  animals  (the  starting  animal 
number  is  set  at  100%). 

Fig.  4.  p202  expression  inhibits  cell  invasion  in  vitro.  Cells  were  tested  for  their 
invasiveness  by  using  a  double-chamber  assay  in  which  a  Matrigel  coated  membrane  was 
used  to  separate  two  chambers.  PANC-1,  pcDNA3,  a  pool  of  p202-transfected  clones 
(p202-pool),  p202-l,  and  p202-2  cells  were  seeded  in  the  top  chamber  with  lower 
chamber  filled  with  laminin  (30  pg/ml)-containing  conditioned  medium.  Seventy-two 
hours  after  seeding,  the  migrated  cells  on  the  bottom  side  of  the  membrane  were  scored 
by  Giemsa’s  stain  as  indicated  by  the  blue  cells  (a),  and  the  quantification  of  the  migrated 
cells  is  shown  in  (b).  c,  p202  expression  is  associated  with  a  reduced  level  of  secretory 
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MMP-2  in  the  medium.  Cells  (PANC-1,  two  vector-transfected  cell  lines  (pcDNA3-l 
and  -2),  p202-l,  and  p202-2)  were  grown  in  the  serum-free  medium.  The  secreted  MMP- 
2  activity  was  assayed  by  a  zymography.  After  24  h  incubation,  the  conditioned  media 
were  harvested  and  concentrated  before  subject  to  SDS-PAGE  in  which  the  gel  was 
imbedded  with  1.5%  gelatin.  The  MMP-2  activity  in  serum  serves  as  a  positive  control. 

Fig.  5.  p202  expression  is  associated  with  reduced  angiogenesis  and  down-regulation  of 
IL-8  and  VEGF.  PANC-1  and  p202-l  tumors  excised  from  the  pancreas  of  the  orthotopic 
xenografts  were  analyzed  by  immunohistochemical  staining  for  vascularity  (CDS  1 
staining)  and  IL-8  and  VEGF  protein  expression. 

Fig.  6.  Anti-tumor  effect  of  p202/SN2  complex  by  intratumoral  injection  in  a  s.c. 
xenograft  model.  Tumors  were  produced  by  subcutaneously  implanting  PANC-1  cells 
into  both  flanks  of  each  nude  mouse.  Tumor-bearing  mice  were  divided  into  three 
treatment  groups  (five  mice  per  group  and  two  tumors  per  mouse):  SN2  liposome  alone 
(SN2),  CMV-luc/SN2,  and  CMV-p202/SN2.  SN2  (30  jag)  with  or  without  DNA  (15  jag) 
in  100  jal  PBS  was  injected  twice  a  week  into  each  tumor.  Tumors  were  measured  twice 
a  week  after  treatment  began,  and  the  average  tumor  volume  per  treatment  group  at  the 
indicated  time  is  presented. 
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Table  1.  Number  of  Colonies  From  Transfection  of  Pancreatic  Cell 
Lines  with  p202  and  Control  Vector  DNA. 
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Table  2.  Growth  and  Metastasis  of  PANC-1  Human  Adenocarcinoma  Cells 


injection.  Mice  were  killed  after  3  months. 
a  2  mice  were  found  with  peritoneal  dissemination; 
b  1  mouse  was  found  with  peritoneal  dissemination; 

c  1  mouse  was  found  dead  before  experiment  termination  with  no  tumor  and  no  metastasis. 
#  p  <  0.01  as  compared  with  control  groups. 
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Abstract 


p202,  an  interferon  (IFN)-inducible  protein,  is  a  member  of  murine  200-amino  acid 
repeat  family.  Ectopic  expression  of  p202  in  human  breast  cancer  cells  resulted  in 
growth  inhibition  and  sensitization  to  TNF-a-induced  apoptosis.  In  this  report,  we  used 
adenovirus-mediated  gene  delivery  system  to  express  p202  gene  (Ad-p202)  in  the  MDA- 
MB-468  breast  cancer  cell  line  and  found  that  Ad-p202  infection  induces  growth 
inhibition  as  well  as  sensitizes  the  otherwise  resistant  cells  to  TNF-a-induced  apoptosis. 
Importantly,  we  demonstrated  for  the  first  time  that  Ad-p202  infection  alone  induces 
apoptosis,  and  that  requires  the  activation  of  caspases  (caspase-3,  in  particular)  for  full 
apoptotic  effect.  Taken  together,  our  results  suggest  that  Ad-p202  is  a  potent  growth¬ 
suppressing,  pro-apoptotic  agent  that  not  only  provides  a  useful  tool  to  investigate  the 
function  of  p202,  but  also  can  be  used  to  further  study  the  treatment  efficacy  in  breast 
cancer  xenograft  model. 

Introduction 

p202,  an  IFN-inducible,  chromatin-associated  protein,  belongs  to  a  murine  200-amino 
acid  repeat  family  (1,2).  The  unique  feature  of  p202  is  illustrated  by  its  ability  to  interact 
with  several  important  transcriptional  regulators  that  include  E2Fs,  Rb  and  the  pocket 
proteins,  pi 30  and  pl07,  Fos/Jun,  c-Myc,  NF-kB,  and  p53BP-l  (reviewed  in  (3)), 
resulting  in  transcriptional  repression  of  genes  that  are  up-regulated  by  these 
transcriptional  regulators.  The  exact  role  of  p202  in  IFN-mediated  signal  pathway  is  not 
well  defined.  However,  consistent  to  the  multiple  anti-tumor  activities  of  IFN  (4), 
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enforced  expression  of  p202  in  stable  murine  fibroblasts  and  human  cancer  cell  lines 
leads  to  retardation  of  cell  growth  and  suppression  of  transformation  phenotype  (5-8). 
Furthermore,  we  showed  that  p202  stable  breast  cancer  cells  are  sensitized  to  TNF-a- 
induced  apoptosis  (8),  and  that  is  associated  with  inactivation  of  the  TNF-a-induced  NF- 
kB  via  p202/NF-KB  interaction.  We  therefore  postulated  that  p202  inactivates  NF-kB 
resulting  in  transcriptional  repression  of  anti-apoptotic  genes  activated  by  NF-kB  (9-11), 
and  that  leads  to  sensitization  to  TNF-a-induced  apoptosis  (8). 

To  generate  a  p202-based  therapeutic  agent  for  efficacy  study  in  animal  model  and  a  tool 
to  study  the  biological  function  of  p202,  we  constructed  Ad-p202.  In  this  study,  we 
showed  that  Ad-p202  infection  into  breast  cancer  cells  resulted  in  growth  inhibition  and 
sensitization  to  TNF-a-induced  apoptosis.  Interestingly,  we  found  that  Ad-p202 
infection  alone  induces  apoptosis  in  breast  cancer  cells.  In  particular,  the  activation  of 
caspase-3  appears  to  be  critical  for  this  process.  Taken  together,  our  results  suggest  that 
Ad-p202  is  a  potent  growth-suppressing,  pro-apoptotic  agent  that  could  be  used  to  further 
study  treatment  efficacy  in  breast  cancer  xenograft  model. 


Materials  and  Methods 

Generation  of  Ad-p202.  Ad-p202  was  constructed  according  to  the  protocol  described 
previously  (12).  p202  cDNA  (6)  was  subcloned  into  an  adenovirus  vector  (pAdTrack- 
CMV)  that  carries  a  CMV  promoter-driven  green  fluorescence  protein  (GFP),  a  separate 
CMV  promoter  directs  p202  cDNA.  A  control  virus,  an  adenoviral  vector  expressing 
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luciferase  gene  (Ad-Luc)  and  GFP  was  likewise  generated.  The  expression  of  the  GFP 
gene  enabled  us  to  monitor  the  infection  efficiency  by  direct  observation  using  a 
fluorescence  microscope. 

In  Vitro  Growth  Assays.  MDA-MB-468  human  breast  cancer  cells  were  maintained  in 
DMEM/F-12  medium  (HyClone  Laboratories,  Inc.)  supplemented  with  10%  (v/v)  fetal 
bovine  serum.  For  MTT  assay,  2  xlO3  cells  were  plated  in  96-well  culture  plates  in  0.1 
ml  of  culture  medium.  Ad-p202  or  Ad-Luc  was  added  at  multiplicity  of  infection  (MOI) 
of  200  on  the  next  day.  At  different  times  indicated,  20  pi  of  MTT  (5  mg/ml  stock 
solution)  was  added  to  each  well.  Cells  were  cultured  for  an  additional  2  hours,  then  100 
pi  of  lysis  buffer  (20%  SDS  in  50%  N,  A-dimethylformamide,  pH  4.7)  was  added  to  each 
well  followed  by  five  hours  of  incubation,  and  then  absorbance  was  measured  at  570  nm. 
[3H]  Thymidine  incorporation  assay  was  done  as  described  previously  (13). 

Apoptosis  Assays.  Flow  cytometry  analysis:  cells  were  collected  at  72-h  post-infection, 
washed  once  with  phosphate -buffered  saline  (PBS)  and  suspended  in  0.5  ml  of  PBS 
containing  0.1%  (v/v)  Triton  X-100  for  nuclei  preparation.  The  suspension  was  filtered 
through  a  nylon  mesh,  then  adjusted  to  a  final  concentration  of  0.1%  (w/v)  RNase  and  50 
pg/ml  propidium  iodide.  Apoptotic  cells  were  quantitated  by  FACScan  cytometer.  DNA 
Fragmentation  Assay  was  carried  out  as  described  previously  (13). 

Western  Blot  Analysis.  MDA-MB-468  cells  treated  with  or  without  TNF-a  (R  &  D 
Systems,  Inc.,  Minneapolis,  MN)  were  infected  with  Ad-p202  or  Ad-Luc  at  MOI  of  200. 
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At  72-h  post-infection,  cells  were  lysed  with  RIPA  lysis  buffer.  The  protein  extracts 
were  subject  to  SDS-PAGE  followed  by  western  blotting  according  to  the  procedure 
described  previously  (8).  Goat  anti-p202  polyclonal  antibody  and  anti-PARP  antibody 
were  obtained  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA)  and  BD  Transduction 
Labs  (Lexington,  KY),  respectively.  Caspase  inhibitors,  Z-VAD  and  Z-DEVD-fmk  were 
purchased  from  Enzyme  Systems  Products  (Livermore,  CA). 

Gel-Shift  Assay.  The  NF-kB  gel-shift  assay  was  performed  as  described  previously 
(13). 


Results  and  Discussion 

Ad-p202  mediates  p202  expression  in  breast  cancer  cells.  To  test  the  efficiency  and  to 
monitor  the  expression  of  p202  protein  by  Ad-p202  infection,  we  infected  MDA-MB-468 
breast  cancer  cells  with  either  Ad-p202  or  Ad-Luc  followed  by  fluorescence  microscopy 
and  western  blot  analysis,  respectively.  As  shown  in  Fig.  la,  Ad-p202  and  Ad-Luc 
infection  at  MOI  of  200  exhibited  more  than  90%  infection  efficiency  as  indicated  by  the 
GFP-positive  cells  shown  in  a  representative  field  (Fig.  la,  right  panels).  Same  cells  are 
shown  in  phase  contrast  images  (Fig.  la,  left  panels).  The  mock-infected  cells  (control) 
showed  no  GFP  expression.  In  addition  to  MDA-MB-468,  we  found  that  Ad-p202  could 
infect  a  panel  of  other  human  breast  cancer  cell  lines  (e.g.,  MDA-MB-453,  MDA-MB- 
435,  MDA-MB-231,  and  MCF-7),  albeit,  with  various  infection  efficiency  (data  not 
shown).  We  chose  MDA-MB-468  cell  line  for  the  subsequent  studies  because  it  is 
tumorigenic  in  mouse  xenograft  model  and  has  relatively  high  infection  efficiency  by  Ad- 
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p202.  The  expression  of  p202  protein  in  Ad-p202  infected  cells  was  further  analyzed  by 
western  blot  using  p202-specific  antibody.  Fig.  1  b  shows  that,  while  the  mock-  and  Ad- 
Luc-infected  cells  have  no  p202  expression,  Ad-p202  infection  efficiently  directed  p202 
expression  in  MDA-MB-468  cells  in  a  dose-dependent  manner.  These  results  clearly 
demonstrate  that  Ad-p202  infection  adequately  directs  p202  expression  in  MDA-MB-468 
cells. 

Ad-p202  infection  reduces  breast  cancer  cell  growth.  Previously,  we  showed  that 
p202-expressing  MDA-MB-453,  i.e.,  453-p202,  and  MCF-7  stable  breast  cancer  cell 
lines  exhibited  reduced  cell  growth  rate  (8).  To  assess  the  growth  inhibitory  effect  of  Ad- 
p202,  we  infected  MDA-MB-468  cells  with  either  Ad-p202  or  Ad-Luc  followed  by  in 
vitro  growth  assays  such  as  MTT  and  3H-thymidine  incorporation.  As  shown  in  Fig.  2, 
while  the  mock  infection  (control)  and  Ad-Luc  infection  have  no  growth  inhibitory  effect 
on  MDA-MB-468  cells,  Ad-202  infection  significantly  hampered  cell  growth  (Fig.  2a) 
and  DNA  synthesis  rates  (Fig.  2b).  This  observation  strongly  indicates  that  Ad-p202 
infection  inhibits  cell  growth  in  breast  cancer  cells,  and  that  is  congruous  to  our  previous 
findings  using  stable  cancer  cell  lines  (7,  8). 

Ad-p202  infection  induces  apoptosis  in  breast  cancer  cells.  Without  stress  signals,  the 
p202-stable  cancer  cell  lines  do  not  exhibit  apoptotic  phenotype  (7,  8).  It  is  possible  that 
p202  stable  cell  lines  isolated  from  vigorous  selection  process  may  possess  a 
physiologically  tolerant  level  of  p202.  The  fact  that  only  a  small  number  of  p202  stable 
cell  lines  were  obtained  by  colony-forming  assay  (7,  8)  raises  the  possibility  that  p202 
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expression  alone  may  induce  apoptosis.  To  test  that  possibility,  we  infected  MDA-MB- 
468  cells  with  Ad-p202  or  Ad-Luc  followed  by  flow  cytometry  analysis  to  detect 
apoptosis  by  measuring  cell  population  in  sub-Gl  phase  of  cell  cycle.  As  shown  in  Fig. 
3a,  although  Ad-Luc  infection  induced  a  modest  apoptosis,  (compared  lane  1  with  lane 
3),  Ad-p202  infection  (lane  5)  caused  significantly  more  apoptosis  (>20%)  than  that  of 
the  mock  (lane  1)  and  Ad-Luc  (lane  3)  infection.  That  observation  was  further  confirmed 
by  two  other  apoptosis  assays:  first,  poly  (ADP-ribose)  polymerase  (PARP)  cleavage 
assay  in  which  the  full-length  PARP  (116  kD)  is  cleaved  by  caspases  into  a  fragment  of 
approximately  85  kD  (Fig.  3b);  and  second,  DNA  fragmentation  assay  that  is  based  on 
the  activated  endonucleases  during  apoptosis  (Fig.  3c).  Ad-p202  infection  resulted  in  a 
marked  increase  of  PARP  cleavage  product  (85  kD)  (Fig.  3b,  lane  5  and  Fig.  4 a,  lane  3) 
and  an  enhancement  of  DNA  fragmentation  (Fig.  3c,  lane  5).  In  contrast,  Ad-Luc 
infection  yielded  a  minimum  amount  of  85  kD  PARP  cleavage  product  (Fig.  3b,  lane  3 
and  Fig.  4 a,  lane  2)  as  well  as  a  near  basal  level  of  DNA  fragmentation  (Fig.  3  c,  compare 
lane  1  and  lane  3).  It  is  possible  that  p202  may  cooperate  with  viral  proteins  to  trigger 
apoptosis.  To  test  that  possibility,  we  infected  Ad-Luc  either  into  the  stable  cell  lines, 
453-p202  or  the  control,  453-pcDNA3  (8),  followed  by  flow  cytometry  analysis.  We 
found  that  Ad-Luc  infection  did  not  enhance  apoptosis  in  453-p202  as  compared  with 
that  in  453-pcDNA3  at  comparable  infection  efficiency  (data  not  shown).  This  result 
suggests  that  Ad-p202-induced  apoptosis  is  not  due  to  a  cooperation  between  p202  and 
certain  viral  proteins.  Together,  our  results  strongly  indicate  that  Ad-p202  infection 
induces  apoptosis  in  MDA-MB-468  cells.  Given  that  MDA-MB-468  cell  line  harbors 
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mutant  p53  (14),  Ad-p202-mediated  apoptosis  thus  appears  to  be  independent  of  p53 
status. 

Caspase-3  activation  is  critical  for  p202-mediated  apoptosis.  Since  caspases  are 
activated  during  apoptosis  and  have  a  variety  of  substrates  including  PARP  (15),  the 
cleavage  of  PARP  in  Ad-p202-infected  cells  suggests  that  the  activation  of  caspase  may 
be  involved  in  Ad-p202-induced  apoptosis.  To  test  that  hypothesis,  we  infected  MDA- 
MB-468  cells  with  Ad-p202  or  Ad-Luc  in  the  presence  or  absence  of  a  pan  caspase 
inhibitor,  Z-VAD.  The  intensity  of  PARP  full-length  and  cleavage  product  bands  on 
western  blot  were  measured  using  NIH  Image  1.62  software.  The  percentage  of  85  kD 
product  is  calculated  by.  setting  the  total  intensity  of  both  116  kD  and  85  kD  bands  in 
each  lane  at  100%.  As  shown  in  Fig.  4a,  the  addition  of  Z-VAD  attenuates  Ad-p202- 
induced  apoptosis  as  indicated  by  the  reduced  (though  not  completely  eliminated)  level  of 
PARP  cleavage  85  kD  product  from  57.4%  (lane  3)  to  13.3%  (lane  5),  whereas  Z-VAD 
has  no  effect  on  PARP  cleavage  in  Ad-Luc-infected  cells  (lane  4).  This  result  supports 
the  idea  that  the  activation  of  caspases  is  at  least  in  part  required  for  Ad-p202  to  induce 
full  apoptotic  effect.  Since  PARP  is  also  a  substrate  of  caspase-3  that  is  considered  to  be 
a  crucial  enzyme  commonly  activated  during  apoptosis  (15),  we  examined  if  the 
activation  of  caspase-3  plays  a  role  in  Ad-p202-induced  apoptosis.  To  that  end,  we 
infected  MDA-MB-468  cells  with  either  Ad-p202  or  Ad-Luc  in  the  presence  of  a 
caspase-3  specific  inhibitor,  Z-DEVD-fmk  (16).  As  shown  in  Fig.4a,  the  level  of  PARP 
cleavage  product  in  Ad-p202-infected  MDA-MB-468  cells  is  significantly  reduced  to 
8.9%  (lane  7)  as  compared  with  that  without  Z-DEVD-fmk  (57.4%,  lane  3).  As  a  control, 
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no  detectable  PARP  cleavage  was  observed  in  Ad-Luc-infected  cells  treated  with  Z- 
DEVD-fmk  (lane  6).  Thus,  this  result  suggests  that  the  activation  of  caspase-3  is  critical 
for  Ad-p202-mediated  apoptosis.  To  further  confirm  that  observation,  we  infected  Ad- 
p202  or  Ad-Luc  into  a  caspase-3-null  breast  cancer  cell  line,  MCF-7  (17)  followed  by 
flow  cytometry  analysis.  We  observed  that,  though  with  greater  than  90%  infection 
efficiency  at  MOI  of  2000  based  on  GFP  fluorescence  microscopy  (data  not  shown),  Ad- 
p202  infection  yielded  near  background  level  of  apoptosis  as  that  of  the  controls,  i.e., 
mock  and  Ad-Luc  infection  (Fig.  4 b).  The  inability  of  Ad-p202  to  induce  apoptosis  in 
MCF-7  cells  is  not  due  to  the  lack  of  p202  expression  since  p202  protein  was  readily 
expressed  as  determined  by  western  blot  (Fig.  4 b).  Taken  together,  our  data  suggest  that 

the  activation  of  caspases,  and  caspase-3  in  particular,  is  critical  for  Ad-p202  to  exert  full 
apoptotic  effect. 

Ad-p202  infection  sensitizes  breast  cancer  cells  to  TNF-a-induced  apoptosis.  We 

previously  showed  that  the  p202  stable  breast  cancer  cell  lines  were  sensitized  to  TNF-a- 
induced  apoptosis  (8).  We  tested  if  Ad-p202  infection  could  also  sensitize  breast  cancer 
cells  to  TNF-a-induced  apoptosis.  Although  MDA-MB-468  cells  appear  to  be  resistant 
to  TNF-a  (50  ng/ml)-induced  apoptosis  (Fig.  3a,  lanes  1  and  2;  Fig.  3b,  lanes  1  and  2; 
and  Fig.  3c,  lanes  1  and  2),  the  combination  of  TNF-a  and  Ad-p202  induced  a  massive 
cell  killing  (Fig.  3a,  lane  6;  Fig.  3b,  lane  6;  and  Fig.  3c,  lane  6).  Based  on  flow  cytometry 
analysis  data  (Fig.  3a),  we  determined  if  the  observed  apoptotic  effect  of  TNF-a  and  Ad- 
p202  combined  treatment  (lane  6)  is  synergistic  using  a  formula  C  <  A  x  B%  x  70%  (18) 

(m  which  C  is  %  of  survival  cells  after  combined  treatment,  and  A  and  B  are  %  of 
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survival  cells  after  each  treatment).  In  this  case,  C  is  49.9%  (Fig.  3a,  lane  6),  A  is  TOF-a 
treatment  alone  (95.5  /o,  Fig.  3a,  lane  2),  and  B  is  Ad-p202  infection  alone  (75%,  Fig.  3a 
lane  5).  And  the  result,  49.9%  <  50.1%  (=  95.5%  x  75%  x  70%),  suggests  that  the 
apoptotic  effect  of  Ad-p202  and  TNF-a  combined  treatment  is  indeed  synergistic.  In 
addition,  the  combined  treatment  of  TNF-a  and  Ad-Luc  infection  did  not  cause  a 
synergistic  killing  as  compared  with  that  of  either  treatment  alone  (Fig.  3a,  lanes  2,  3,  and 
4;  Fig.  3b,  lanes  2,  3,  and  4;  Fig.  3c,  lanes  2,  3,  and  4),  suggesting  that  such  sensitization 
to  TNF-a-induced  apoptosis  is  specific  to  p202  expression.  Since  p202-niediated 
sensitization  to  TNF-a-induced  apoptosis  correlated  with  the  inactivation  of  NF-kB, 
specifically,  via  the  loss  of  NF-kB  DNA  binding  acti  vity  (8),  we  then  tested  whether  Ad- 
P202  infection  affects  TNF-a-induced  NF-kB  DNA  binding  activity.  As  shown  in  Fig 
3d,  we  observed  a  complete  abolishment  of  TNF-a-induced  NF-kB  DNA  binding 
activity  in  Ad-p202-infected  MDA-MB-468.cells  (Fig.  3d,  compare  lanes  1,  3,  5  and  6). 
As  controls,  TNF-a-induced  NF-kB  DNA  binding  activity  (lane  6)  can  be  readily 
competed  by  cold  wild  type  NF-kB  DNA  binding  site  (lane  7)  but  to  a  less  extent  by  cold 
mutant  probe  (lane  8).  Ad-Luc  infection  also  reduces  the  TNF-a-induced  NF-kB  DNA 
binding  activity  somewhat  but  to  a  less  extent  than  Ad-p202  (lanes  4  and  5).  Together, 
our  data  suggest  that  Ad-p202  infection  could  sensitize  otherwise  resistant  MDA-MB- 
468  cells  to  apoptosis  induced  by  TNF-a,  and  that  correlates  with  a  loss  of  TNF-a- 
induced  NF-kB  DNA  binding  activity. 

In  this  report,  we  showed  that,  like  p202  stable  breast  cancer  cell  lines,  Ad-p202  infection 
into  MDA-MB-468  breast  cancer  cells  resulted  in  growth  inhibition  and  sensitization  to 
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TNF-a-induced  apoptosis.  In  addition,  we  demonstrated  for  the  first  time  that  Ad-p202 
infection  alone  induces  apoptosis.  This  process  seems  to  require  the  activation  of 
caspase-3  to  achieve  a  full  apoptotic  effect.  Our  results  thus  raise  the  possibility  of  using 
Ad-p202-based  gene  therapy  to  treat  breast  cancer  in  mouse  xenograft  model.  Moreover, 
our  data  also  suggest  that  Ad-p202/TNF-a  combined  therapy  may  be  a  viable  option  to 
treat  certain  breast  cancer  cells  that  are  resistant  to  TNF-a  treatment.  Experiments  are 
underway  to  test  the  treatment  efficacy  of  these  approaches  in  animal  models. 
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Figure  Legends 


Fig.  1.  Ad-p202  construction,  p202  expression,  and  infection  efficiency,  a.  Ad-p202  was 
generated  according  to  the  protocol  described  previously  (12).  The  pAdTrack-CMV 
vector  contains  two  independent  CMV  promoter-driven  transcription  units,  one  for  GFP 
and  one  for  p202  cDNA.  Human  breast  cancer  cells,  MDA-MB-468,  were  infected  by 
Ad-Luc  or  Ad-p202  at  MOI  of  200.  At  24-h  post-infection,  more  than  90%  cells  were 
found  to  be  GFP-positive  as  visualized  by  fluorescence  microscopy  (right  panel), 
indicating  the  infection  efficiency  is  more  than  90%.  Left  panel:  phase  contrast 
microscopy.  Control  is  the  mock-infected  cells,  b.  p202  protein  is  expressed  in  Ad-p202 
infected  cells.  MDA-MB-468  cells  infected  with  Ad-Luc  or  Ad-p202  for  72  h  were 
analyzed  for  p202  protein  expression  by  western  blot.  Control  is  the  mock-infected  cells. 
Actin  protein  was  used  as  an  equal  loading  control. 

Fig.  2.  Ad-p202  infection  inhibits  cell  proliferation.  MDA-MB-468  cells  were  infected 
with  Ad-Luc  or  Ad-p202  at  MOI  of  200.  Cell  growth  was  monitored  at  the  indicated 
post-infection  time  (3-5  days)  by  a,  MTT  assay,  means  ±  SD  (n  =  3),  or  b,  [3H]- 
thymidine  incorporation  assay,  data  presented  as  means  of  quadruplicates. 


Fig.  3.  Ad-p202  infection  induces  apoptosis  and  sensitizes  cells  to  apoptosis  induced  by 
TNF-a.  MDA-MB-468  cells  were  infected  with  Ad-Luc  or  Ad-p202  at  MOI  of  200.  At 
24  h  post-infection,  TNF-a  (50  ng/ml)  was  added  to  the  medium  and  incubated  for  48  h. 
a,  At  72  h  post-infection,  apoptosis  was  monitored  by  flow  cytometry  analysis  (done  in 
triplets,  Bars:  SD).  b,  PARP  cleavage  assay:  at  24  h  post-infection,  TNF-a  (50  ng/ml) 
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was  added  to  the  medium  and  incubated  for  24  h.  Treated  cells  were  harvested  at  48  h 
post- infection,  and  c,  DNA  fragmentation  assay:  at  24  h  post-infection,  TNF-a  (50 
ng/ml)  was  added  to  the  medium  and  incubated  for  24  h.  Treated  cells  were  harvested  at 
48  h  post-infection.  The  PARP  protein  (116  kD)  was  cleaved  into  85  kD  product  in  the 
event  of  apoptosis,  d.  Ad-p202  infection  inhibits  the  TNF-a-induced  NF-kB  DNA 
binding  activity.  MDA-MB-468  cells  were  infected  with  Ad-p202  or  Ad-Luc  in  the 
presence  or  absence  of  TNF-a  (50  ng/ml)  at  24  h  post-infection  for  30  minutes.  The 
nuclear  extracts  were  then  isolated  and  incubated  with  a  radioactive  labeled 
oligonucleotide  containing  kB  binding  site  (13).  The  excess  cold  wild  type  or  mutant  xB 
binding  site  were  added  to  the  incubation  to  demonstrate  the  specific  NF-xB  DNA 
binding  activity.  The  NF-xB/DNA  complex  is  indicated. 


Fig.  4.  The  activation  of  caspases  is  critical  for  Ad-p202-mediated  apoptosis,  a.  Z-VAD 
(100  pM)  and  Z-DEVD-fmk  (80  pM)  inhibit  Ad-p202-mediated  apoptosis  in  MDA-MB- 
468  cells.  Western  blot  analysis  of  PARP  cleavage  and  actin  expression  was  performed 
at  48-h  post-infection.  The  intensity  of  PARP  full-length  and  cleavage  product  bands 
were  measured  using  NIH  Image  1.62  software,  b.  Ad-p202  infection  fails  to  induce 
apoptosis  in  MCF-7  cells.  Flow  cytometry  analysis  was  used  to  measure  apoptotic  cell 
population  in  mock-  (control),  Ad-p202-  (MOI  of  2000),  or  Ad-Luc-  (MOI  of  2000) 
infected  MCF-7  cells  at  72-h  post-infection.  The  experiment  was  done  in  triplets.  Bars: 
SD.  p202  and  actin  protein  expression  was  determined  by  western  blot  analysis. 
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vitro  with  the  human  wt-p53  cDNA  by  exposure  to  adenovirus-p53  (KATO-III/ 
p53).  Immunocytochemical  staining  and  western  blot  analyses  showed  high 
effeclency  and*  high  level  of  wt-p53  and  p21  protein  expression,  but  no  p53  and 
p21  was  detected  in  parental  (uninfected)  cells  or  control  cells  infected  with 
adenovirus-nLacZ  (KATO-lll/nLacZ).  Overexpression  of  p53  alone  indused 
growth  arre  t  but  could  not  promote  DNA  fragmentation  in  KATO-III  cells.  SB 
rapidly  redused  viability  of  KATO-lll/p53  cells  with  DNA  fragmentation.  However 
SB  did  not  damage  parental  KATO-III  cells,  nor  KATO-lll/nLacZ  cells.  Recently,  it 
was  reported  that  acetylation  of  lysine  residues  was  an  important  post-transla- 
tlonal  modification  to  activate  p53.  Considering  SB  as  a  histone  deacetylase 
inhibitor,  we  investigated  whether  SB  induses  acetylation  of  p53.  Western  blot 
analyses  revealed  that  in  ,  KATO-lll/p53  cells,  p53  was  acetylated  at  Lys373  and 
Lys382  residues  after  treatment  with  SB.  Based  on  these  datas,  we  injected 
directly  adenovirus-p53  into  KATO-III  tumors  s.c.  implanted  into  nu/nu  mice  and 
administrated  SB  i.p.  This  novel  chemo-gene  therapy  indu  ced  massive  apoptotic 
destruction  of  the  tumors.  In  conclusion,  it  is  suggested  that  SB  could  activate 
p53  by  acetylation  of  lysine  residues  and  induse  apotosis  in  gastric  cancer  cells 
transduced  wt-p53  gene  in  vitro  and  in  vivo. 

#3539  Exogenous  Recombinant  Adenoviral  p53  Suppresses  the  Growth 
of  HPV16  Mediated  Human  Cervical  Cancer  in  Vitro  and  in  Vivo.  Woong  Shick 
Ahn,  Tae  Hyung  Kim,  Min  Suk  Rho,  Joon  Mo  Lee,  Sung  Eun  Namkoong,  Yong 
Seok  Park,  and  Chong  Kook  Kim.  Catholic  Research  Institute  of  Medical  Science, 
Research  Institute  of  Cancer,  The  Catholic  University  of  Korea,  Seoul,  South 
Korea,  College  of  Pharmacy,  Seoul  National  University,  Seoul,  South  Korea,  Dept 
of  Medical  Technology,  College  of  Health  Science,  Yonsei  University,  Wonju, 
South  Korea,  and  Dept,  of  Obstetrics  and  Gynecology,  Kangnam  St  Mary's  Hos¬ 
pital,  The  Catholic  University  of  Korea,  Seoul,  South  Korea. 

Human  papilloma  viruses  (HPVs)  bring  about  serious  cervical  cancer,  and 
transforming  oncogene  of  E6  is  a  critical  factor  in  cervical  carcinogenesis,  which 
inactivates  the  tumor  suppressor  p53.  Most  of  cancer  cell  lines  have  mutations  in 
p53  gene,  but  not  so  much  in  cervical  cancer  cell  lines.  However  the  function  of 
p53  is  down  regulated  by  E6  oncoprotein  in  cervical  cancer  cell  lines  transfected 
with  HPV16,  18.  We  examined  the  growth  inhibitory  effect  of  overexpressed 
recombinant  adenoviral  p53  (AdCMVp53)  on  CaSki,  SiHa,  and  HeLa,  HeLaS3  in 
vitro,  which  are  high  risk  vims  HPV16  and  HPV18  mediated  tumor  cell  lines 
respectively,  and  C33A,  HT3,  which  are  p53  mutated  tumor  cell  lines  in  cervix. 
Adenovirus-mediated  p53  expression  induced  significant  growth  suppression  in 
these  six  cervical  cancer  cell  lines  at  cell  count  assay.  On  western  analysis 
exogenously  expressed  p53  was  increased  transiently  and  decreased  in  CaSki, 
SiHa,  and  HeLa,  HeLaS3,  However  in  C33A,  and  HT3,  p53  was  not  decreased, 
and  maintained  high  expression  level,  because  these  cells  were  not  infected  with 
HPV.  In  RT-PCR  analysis  HPV16  type  and  1 8  type  E6  oncogene  transcription  was 
also  strongly  repressed  in  CaSki,  SiHa,  HeLa,  and  HeLaS3,  when  AdCMVp53  was 
expressed.  We  also  examined  the  effects  of  exogenously  expressed  p53  as 
therapeutic  gene  on  the  suppression  of  cervical  tumor  in  nude  mice  infected  with 
CaSki,  and  SiHa  cancer  cell  line.  In  tumor  tissue  of  nude  mice  AdCMVp53  was 
significantly  expressed  on  western  analysis,  and  immunohistochemistry  analysis. 
The  growth  of  tumor  is  also  suppressed  for  6  days  after  AdCMVp53  was  injected. 
These  results  suggest  that  the  exogenously  expressed  p53  in  tumor  tissue  of 
nude  mice  infected  with  SiHa  or  CaSki  cell  line  strongly  inhibits  cancer  prolifer¬ 
ation. 

#3540  Stimulation  of  the  p53  Pathway  with  a  Peptidic  Inhibitor  of  the 
p53-hdm2  Interaction.  Patrick  Chene,  Pascal  Furet,  and  Carlos  Garcia  Echev¬ 
arria.  Novartis,  Basel,  Switzerland. 

The  hdm2  protein  negatively  regulates  p53  tumour  suppressor  activity.  Upon 
binding  to  p53,  hdm2  stimulates  p53  degradation  and  inhibits  its  transcriptional 
activity.  The  overexpression  of  the  hdm2  protein  observed  in  various  tumours 
leads  as  a  consequence  to  the  inactivation  of  the  p53  pathway.  The  synthesis  of 
inhibitors  of  the  p53-hdm2  interaction  would  therefore  be  very  useful  to  activate 
the  p53  pathway  in  such  tumours.  We  have  synthesised  a  very  potent  peptide  that 
inhibits  the  p53-hdm2  interaction  in  vitro.  This  untagged  peptide  penetrates 
tumour  cells  and  induces  the  accumulation  of  p53.  The  accumulation  of  p53  leads 
to  its  activation  and  two  gene  products  transcriptionally  regulated  by  p53, 
p21(Waf1/Cip1)  and  hdm2,  are  induced  in  the  presence  of  the  peptide.  Moreover, 
in  tumour  cells  that  overexpress  hdm2,  the  peptide  induces  cell  death  by  apo¬ 
ptosis  in  a  dose  dependent  manner.  We  also  observe  that  this  peptidic  inhibitor 
induces  more  specifically  the  cell  death  of  tumour  cells  than  of  normal  cells. 
Therefore  inhibitors  of  the  p53-hdm2  interaction  show  a  therapetic  window. 
These  inhibitors  of  the  p53-hdm2  interaction  are  very  attractive  candidates  for  the 
activation  of  the  p53  pathway  in  tumours  expressing  wild  type  p53. 

#3541  Epidermal  Growth  Factor  Receptor  (HER-1)  but  not  C-Erbb2 
(HER-2)  is  Overexpressed  in  Human  Intra-Hepatic  Cholangiocarcinoma 
(ICC).  Michelangelo  Fiorentino,  Annalisa  Altimari,  Elena  Gabusi,  Chiara  Barozzi, 
Antonia  D'Errico,  and  Walter  Franco  Grlgionl.  University  of  Bologna,  Bologna, 
Italy. 

Background.  Cholangiocarcinomas  of  the  intra-hepatic  bile  ducts  are  aggres¬ 
sive  tumors  whose  prognosis  mainly  depends  on  the  feasibility  of  a  surgical 
resection  in  absence  of  other  effective  medical  treatments.  Novel  anti-neoplastic 
agents  like  the  specific  inhibitors  of  the  EGFR  tyrosin  kinase  (EGFR-TKI)  and  the 


humanized  anti  p185HER-2  monoclonal  antibody  (Heroaptintfft)  targeting  HFR-1 
and  HER-2  respectively  are  currently  on  trial  In  different  human  malignancies.  We 
tested  the  expression  of  HER-1  by  immunocytochemistry  (1C)  and  HER-2  by  tC 
(DAKO,  HerceptestTM)  and  chromogenic  in  situ  hybridization  (CISH)  on  48  par¬ 
affin  embedded  ICC  samples.  Results.  HER-1  protein  was  found  in  39/48  (81  %) 
ICC  being  overexpressed  (>50%  stained  cells)  in  25/48  (52%)  tumors.  Almost  all 
the  hepatocytes  of  the  normal  surrounding  liver  tissue  also  strongly*  stained  for 
HER-1.  HerceptestTM  revealed  high  expression  of  HER-2  (score  2+,  3+)  in  2/48 
(4%),  low  expression  (score  1  +)  in  15/48  (31  %)  and  no  expression  in  31/48  (65%) 
ICC.  CISH  confirmed  HER-2  gene  amplification  (>4  spots)  in  the  two  ICC  with 
scores  2+  and  3-K  Statistical  analysis  failed  to  demonstrate  significant  associ¬ 
ations  between  HER-1  and  HER-2  expression  and  survival  (log-rank  test).  Con¬ 
clusions.  1)  Most  of  ICC  express  high  levels  of  HER-1  protein,  thus  disclosing  the 
possibility  of  a  treatment  with  EGFR-TKI  for  these  tumors.  2)  Based  on  our  series, 
therapeutic  strategies  including  the  p185HER-2  monoclonal  antibody  (Hercep- 
tin®)  might  be  appropriate  only  for  few  ICCs.  3)  Expression  of  both  HER-1  and 
HER-2  does  not  significantly  influence  survival  of  patients  with  ICC. 

#3542  Role  of  PEA3  in  Prostate  Cancer.  Kenji  Sakata,  Jane  Barrett,  Richard 
G.  Tozer,  and  Gurmit  Singh.  Hamilton  Regional  Cancer  Centre,  Hamilton,  ON, 
Canada. 

The  Ets  family  of  transcription  factors  are  not  only  involved  in  normal  processes 
of  growth  and  development  but  also  have  been  implicated  in  various  human 
malignancies.  During  the  metastatic  process,  the  expression  of  proteases  such  as 
the  matrix  metalloproteinase  (MMP)s  and  uPA  byrfhe  tumor  cells  is  necessary.  Ets 
proteins  can  bind  to  and  activate  the  promoters  of.MMP-1,  -3,  -7,  -9,  -10,  -13, 
TIMP-1  and  uPA.  The  co-expression  levels  of  Ets  3nd  MMP  mRNA  in  human 
prostate  cancer  cell  line  PC-3  compared  to  the  normal  prostate  epithelial  cell 
strain  PrEC  has  been  analyzed  by  Northern  blot:  Wfe  found  that  Ets-1 ,  Ets-2, 
PEA3,  TIMP-1  and  MMP-16  expression  was  higher  in  the  PC-3  cell  line  versus 
PrEC.  In  this  study,  we  focused  on  the  relationships  between  the  expression  of 
PEA3  and  some  matrix  degrading  enzymes.  To  investigate  the  role  of  PEA3  in 
prostate  cancer,  a  plasmid  to  express  dominant-negative  PEA3  was  transfected 
into  the  PC-3  cell'  line  and  stable  transfected  PC-3  lines  were  obtained.  A 
dominant-negative  version  of  an  Ets  protein  containing  the  DNA  binding  domain 
fused  the  drosophila  Engrailed  repressor  functions  by  binding  to  and  repressing 
transcription  of  Ets  target  genes.  The  expression  of  uPA,  MMP-1,  MMP-9  and 
TIMP-1  were  compared  in  these  cell  lines  (parental  and  transfected)  by  Northern 
blot,  Western  blot  and  gelatin  or  plasminogen  zyrriography.  (This  work  was 
supported  by  the  Canadian  Institutes  of  Health  Research). 

#3543  Antitumor  Effects  of  PPAR-y  Ligand  (Triglitazone)  Against  Ana¬ 
plastic  Thyroid  Carcinoma  in  Vitro.  Hayashi  Nobuyasu,  Nakamori  Shoji,  Okami 
Jiro,  Nagano  Hiroaki,  Dono  Keizo,  Sakon  Masato,  Hiraoka  Nobuaki,  and  Monden 
Morito.  Osaka  University,  Osaka,  Japan. 

(Background)  Anaplastic  thyroid  carcinoma  (ATC)  is  the  one  of  the  most  ag¬ 
gressive  and  malignant  neoplasm  in  human.  Several  treatment  modalities  com¬ 
bining  surgery,  radiotherapy  and  cytotoxic  drugs  have  been  suggested  to  im¬ 
prove  the  progression  of  anaplastic  thyroid  carcinoma.  It  still  seems  to  be 
resistant  to  nearly  all  anti  neoplastic  chemotherapy  and  radiotherapy.  PPAR- 
gamma,  a  member  of  the  nuclear  receptor  superfamily,  functions  as  a  master 
regulator  of  adipogenesis.  Recently,  several  reports  suggested  that  PPAR-y 
ligands  modulate  the  differentiation  and  the  proliferation  of  both  normal  cells  and 
tumor  cells.  Moreover,  some  studies  have  shown  that  ligands  of  PPAR-7  can 
induced  terminal  differentiation  of  several  tumor  cells,  such  as  liposarcoma, 
breast  cancer  and  colon  cancer  cells.  These  finding  suggested  that  ligands  of 
PPAR-y  might  modulate  the  malignant  potential  of  the  poor  prognostic  neo¬ 
plasm,  anaplastic  thyroid  tumor.  Here,  we  evaluated  the  effects  of  PPAR-y 
ligands  on  anaplastic  thyroid  tumor  cells  in  vitro.  (Methods)  Five  human  ATC  cell 
lines  (IAA,  K-119,  MSA,  KOA-2  and  ROA)  were  examined  the  expression  of 
PPAR-y  by  semi-quantitative  RT-PCR.  The  effects  of  Triglitazone  (TZD)  on  the 
proliferation  and  the  motility  of  these  cells  were  examined  by  6-well  proliferation 
assay,  and  scratched  and  boyden  chamber  method.-The  effects  on  the  expres¬ 
sion  of  thyroglobulin,  oncofetal  fibronectin  and  E-cadherin  of  these  cells  were  also 
examined  by  RT-PCR,  as  differentiation  markers.  (Results)  All  five  ATC  cell  lines 
expressed  PPAR-y  abundantly.  TZD  inhibited  the  proliferation  of  these  cells  by 
30  to  40%  in  dose  dependent  manners.  TZD  also  inhibited  the  motility  of  these 
cells  by  20  to  50%.  Expression  levels  of  the  differentiation  markers  of  these  cells 
were  not  effected  by  the  exposures  of  TZD.  (Conclusion)  PPAR-y  ligands  may  be 
useful  therapeutic  agents  for  anaplastic  thyroid  carcinoma,  and  by  combining 
other  therapy,  might  improve  the  prognosis  of  this  Carcinoma. 

#3544  Modulation  of  Apoptotic  Threshold:  Enhanced  Anti-Tumor  Ther¬ 
apy  Through  Down-Regulate  AKT  and  Up-Regulate  p38  by  Adenovirus  E1A 
in  Human  Breast  Cancer  Cells.  Yong  Liao,  Yi-yu  Zou,  Wei-ya  Xia,  Wei-Ping  Lee, 
and  Mien-Cbie  Hung.  Department  of  Molecular  &  Cellular  Oncology,  The  Univer¬ 
sity  of  Texas  M.D.  Andersen  Cancer  Center,  Houston,  TX,  and  The  University  of 
Texas  M.D.  Anderson  Cancer  Center,  Houston,  TX. 

Chemotherapeutic  drug  resistance  is  a  major  clinical  problem  and  a  source  of 
treatment  failure  in  cancer  patients.  We  have  previously* shown  that  gene  transfer 
of  the  adenovirus  5  El  A  sensitized  Her-2/neu-overexpressing  human  breast 
cancer  cells  to  the  chemotherapeutic  agent  paclitaxel  (Taxol)  by  downregulating 
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the  expression  of  Her-2/neu.  To  test  whether  E1A  mediated  Taxol  sensitization 
involves  different  mechanisms  other  than  down-regulation  of  HER-2/neu,  we 
established  stable  cell  lines  expressing  high  level  of  wild  type  El  A  proteins  in 
HER-2/neu  low  level  expressing  human  breast  cancer  cell  lines:  MDA-MB-231 
and  MCF-7,  which  are  reported  to  harbor  Akt  overexpression.  Beth  in  vivo  and  in 
vitro  studies  showed  that  introduction  of  El  A  significantly  increased  cells  sen- 
sltitvity  to  Taxol  cytotoxicity  and  dramatically  enhanced  tumor  regression  and 
prolonged  survival  in  mice  compared  with  that  in  Taxol  or  El  A  alone  treated 
controls.  To  understand  the  potential  mechanism  underlying  El  A  sensitization  to 
Taxol  cytotoxicity  in  this  context,  we  screened  a  few  cell  signaling  molecules  that 
are  known  to  be  critical  in  signaling  cells  either  to  go  apoptosis  or  against  cell 
death.  We  found  that  downregulate  Akt,  a  key  player  in  cell  survival  signaling, 
and/or  up-regulate  p38,  an  important  molecule  in  signaling  cells  to  commit 
apoptosis,  is  required  for  El  A  sensitization  to  Taxol  induced  apoptosis.  Blocking 
p38  activity,  by  either  chemical  inhibitor  SB203580  or  genetic  approach  using  an 
inducible  dominant  negative  p3a mutant,  and  introducing  constitutively  active  Akt 
did  partially  abrogate  El  A  ability  to  sensitize  cells  to  Taxol  cytotoxicity  in  El  A 
expressing  MDA-MB-231  cells.  Moreover,  introducing  p38  or  blocking  Akt  activity 
in  MDA-MB-231  cells  also  enhanced  sensitivity  to  Taxol  induced  apoptosis. 
Although  physical  association  between  Akt  and  p38  was  not  detected  by  immu- 
noprecipation,  cross  regulations  between  these  two  pathways  were  observed. 
This  is  the  first  report  to  show  that  El  A  mediated  chemosensitization  was 
achieved  by  modulating  apoptotic  threshold  through  down-regulation  Akt  and 
up-regulate  p38  activity  in  breast  cancer  cells.  These  results  suggest  a  powerful 
strategy  for  the  adjuvant  chemotherapy  of  human  breast  cancer  by  combination 
of  El  A  gene  therapy  with  chemotherapy. 

#3545  p53  Status  Determines  y uclear  Factor-icB  Response  in  T riptolide- 

induced  Apoptosis  in  Gastric  CSncer.  XH  Jiang,  SK  Lam,  MCM  Lin,  CH  Cho, 
KC  Lai,  HF  Kung,  D.  Yang,  and  Benjamin  CY  Wong.  University  of  HOng  Kong, 
Pokfulam ,  Hong  Kong. 

Triptolide,  a  major  component  in  the  extract  of  Chinese  herbal  plant  Tnptery- 
gium  wilfordii  Hook  f  (TWHf),  has  potential  anti-neoplastic  effect.  We  investigated 
the  potential  role  of  triptolide  in  the  treatment  of  gastric  cancer  cells.  Two  gastric 
cancer  cell  lines,  MKN-28  (mutant  p53)  and  AGS  (wild-type  p53),  were  compared 
as  to  growth  inhibition,  apoptosis,  cell  cycle  phase  distribution,  apoptosis-related 
gene  expressions  and  activation  of  NF-kB  in  response  to  triptolide  treatment.  We 
reported  that  in  gastric  cancer  cells,  Triptolide  inhibited  cell  growth  and  induced 
apoptosis  in  a  dose-dependent  manner,  whereas  AGS  cells  with  wild  type  p53 
were  more  sensitive  after  treatment,  associated  with  overexpression  of  p53,  p21 
and  bax.  Down-regulation  of  p53  suppressed  triptolide  induced  apoptosis  in  AGS 
cells.  Moreover,  Triptolide  inhibited  NF-kB  activation  in  AGS  cells  with  wild-type 
p53  but  increased  NF-kB  activation  in  MKN-28  with  mutant  p53.  These  results 
demonstrated  the  anti-neoplastic  effect  of  Triptolide  in  gastric  cancer  through 
induction  of  apoptosis,  mediated  by  different  effect  on  NF-kB  activation  depend¬ 
ing  on  the  p53  status. 

0 

#3546  Adenoviral-mediated  Gene  Therapy  for  Treatment  of  Benign  Pros¬ 
tate  Hyperplasia  (BPH)  Using  Tumor  Suppressor  Genes.  Mitchell  S.  Steiner, 
Guimin  Chang,  and  Yi  Lu.  GTx,  Inc.,  Memphis,  TN,  and  University  of  Tennessee, 
Memphis,  Memphis,  TN. 

Benign  enlargement  of  the  prostate,  BPH,  is  the  most  commonly  occurring 
benign  disease  in  men  older  than  50  years  of  age.  Up  to  25%  of  these  men  will 
eventually  require  treatment  for  symptomatic  relief  of  clinical  BPH.  Understanding 
molecular  events  responsible  for  BPH  will  allow  the  design  of  more  specific 
therapies.  To  determine  whether  the  exogenous  expression  of  the  negative 
growth  regulators  will  inhibit  prostate  growth,  recombinant  adenoviral  vectors  that 
express  pi  6,  p53,  orTGF/31  were 'used  to  transduce  an  established  human  BPH 
cell  line,  BPH-1 .  Adenoviral  gene  transfer  resulting  in  the  exogenous  expression 
of  pi  6,  p53,  or  TGF/31,  all  suppressed  cell  growth  and  induced  apoptosis  in 
BPH-1  cells.  These  results  suggesbthat  gene  therapy  of  these  negative  growth 
regulator  genes  may  induce  apoptosis  and  may  potentially  be  employed  to  treat 
BPH. 

#3547  Manipulation  of  Differentially  Expressed  Genes  Such  as  Bcl-2 
Leads  to  Increased  Killing  of  B  Chronic  Lymphocytic  Leukemia.  Shantaram  S. 
Joshi,  Peng  Wang,  John  E.  Dickinson,  Uyen  E.  Vu,  and  Z.  Steven  Pavletic. 
University  of  Nebraska  Medical  Center,  Omaha,  NE. 

B  Chronic  Lympocytic  Leukerma  (B-CLL)  cells  are  known  to  have  defective 
cellular  apoptosis  machinery  aod  are  resistant  to  immune  effector  cell  mediated 
killing.  Manipulations  of  differentially  expressed  certain  key  cellular  genes  in 
B-CLL  may  lead  to  their  increased  killing.  Therefore,  in  this  study  we  have 
investigated  differentially  expressed  cell  cycle/apoptosis  associated  genes  in  the 
WSU-CLL  cell  line  and  fresh  leukemic  cells  obtained  from  B-CLL  patients,  before 
initiation  of  treatment,  using  cDNA  microarray  techniques  and  RT-PCR  tech¬ 
niques.  The  results  were  compared  to  gene  expression  patterns  of  other  B  cell  or 
myeloid  tumor  cells.  The  cell  cycle/apoptosis  associated  differentially  expressed 
genes  on  B-CLL  cells  include  over  expression  of  Bcl-2,  DAD-1,  Cyctin-D3  and 
cyclin  dependent  Kinase-4  .inhibitor  and  lower  expression  of  Bax  and  CDC25B. 
One  of  the  over  expressing  genes,  Bcl-2  expression  was  down  regulated  using 
l\i>  5.0  mM  concentration  of  Bcl-2  antisense  phosphorothioate  oligonucleotides. 
The  decrease  in  Bcl-2  expression  was  confirmed  by  RT-PCR  analyses  and  then 
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used  for  cytotoxicity  studies.  The  Bcl-2  down  regulated  CLL  cells  were  signifi¬ 
cantly  (p<0.01)  more  susceptible  to  blood  derived  lymphokine  activated  killer  cell 
mediated  cytotoxicity.  Bcl-2  down  regulated  CLL  cells  were  also  significantly 
(pc. 001)  more  susceptible  to  Fludarabine,  a  known  chemotherapeutic  agent  used 
for  treating  CLL  patients.  Thus  our  results  showed  that  certain  key  apoptosis/cell 
cycle  associated  genes  are  differentially  e^ressed  in  B-CLL  cells  and  manipu¬ 
lations  of  some  of  these  genes  in  B-CLL  cells,  increase  their  susceptibility  for 
killing  by  cytotoxic  effector  cells  and  cancer  chemotherapeutic  agents.  These 
results  warrant  further  preciinical  studies  to  devefpp  treatment  modalities  with  this 
approach  for  B-CLL 


#3548  Wild-Type  p53  Is  not  Required  for  the  Level  of  Taxol-induced 
Apoptosis,  but  Mutant  p53s  Differentially  Regulate  G2/M  Arrest  and  Apopto¬ 
sis  under  Isogenic  Condition  in  Lung  Cancer  Cells.  Gokul  C.  Das,  Rafael 
Gallardo,  and  Charles  Haas.  UT  Health  Center  at  Tyler,  Tyler,  TX. 

Taxol  has  a  broad  spectrum  of  anticancer  activity,  but  the  effective  dose, 
schedule,  molecular  basis  of  cytotoxicity  and  their  dependence  on  the  genetic 
background  in  tumor  cells  are  still  not  well  understood.  Although  p53  plays  a  key 
role  in  apoptosis  and  is  the  preferred  mode  of  cell  death  by  the  anticancer  agents, 
studies  examining  p53’s  role  in  chemosensitivity  has  yielded  conflicting  results 
due  to  the  additional  changes  in  cancer  cells.  Here,  we  examined  the  role  of  the 
wild-type  p53  and  its  hot-spot  mutants  in  taxol-induced  apoptosis  under  isogenic 
conditions  developed  by  stably  expressing  these  genes  in  the  p53  null  back¬ 
ground  of  H  1299  ceils.  First,  we  show  by  DNA  content  analysis  that  in  two  lung 
cancer  cell  lines,  A  549  (p53,+/+)  and  H  1299  (p53,-/-),  taxol  progressively 
induced  G2/M  anrest  in  a  time  and  concentration  dependent  manner.  Apoptosis 
maximized  at  about  25  nM  in  both  cell  lines  and  was  about  20%  higher  in  H  1299 
cells,  implicating  that  taxol  can  induce  G2/M  and  apoptosis  independent  of  the 
wild-type  p53.  G2/M  arrest,  however,  occurred  at  a  lower  concentration  and  at  a 
faster  rate  in  A  549  cells  than  in  H  1 299  cell  line.  In  other  established  cell  lines  with 
mutant  p53,  taxol  exhibited  a  differential  response,  one  (H  226)  being  partially 
resistant  to  taxol  and  the  others  (H  441  and  H  596)  while  sensitive  to  taxol  were 
prone  to  the  development  of  polyploidy.  We  show  that  the  level  of  apoptosis  in 
several  clones  of  isogenic  cell  lines  expressing  wild-type  p53  was  the  same  as  in 
parental  H  1299  cells.  The  level  of  apoptosis  was,  however,  reduced  differentially 
in  cells  expressing  mutants  143, 175  and  273.  We  conclude  that  the  wild-type  p53 
does  not  make  a  significant  difference  in  the  level  of  apoptosis,  but  mutant  p53 
has  a  differential  effect.  Repeated  use  of  low  concentration  of  taxol  and  identifi¬ 
cation  of  targets  downstream  to  bypass  the  effect  of  mutant  p53  are  of  thera¬ 
peutic  significance.  ,  v  ^ 

#3549  Down-Regulation  of  Bcl-2  and  Rb  Are  Associated  with  Pie1"*4- 
mediated  Apoptosis  in  Non  Small  Cell  Lung  Cancer  Cells  (NSCLS).  Kou 
Katsuda,  Masafumi  Kataoka,  Takahiro  Itoshima,  Jianghua  Shao,  Toshihiko  Waku, 
Futoshi  Uno,  Spitz  Francis,  Guido  Schumacher,  Dao  Nguyen,  Jack  Roth,  Richard 
Cristiano,  Toshiyoshi  Fujiwara,  and  Noriaki  Tanaka.  Campus  Virchow-Klinikum, 
Berlin,  Germany,  National  Cancer  Institute f'Bethesda,  MD,  Okayama  University 
Medical  School,  Okayama,  Japan,  Shiga  University  of  Medical  Science,  Otsu, 
Japan,  University  of  Pennsylvania,  Philadelphia,  PA,  and  University  of  Texas, 
Houston,  TX.  r  " 

Alterations  in  p16,NK4  gene  expression  havS  b£en  observed  In  numerous  tumor 
cell  lines  and  in  many  fresh  tumors.  Rb-posltive  NSCLC  express  little  or  no  pi 6 
while  Rb-negative  NSCLC  express  abundant  pi  6.  As  a  result,  inactivation  of 
either  pi  6  or  Rb  appear  to  be  critical  steps  in  the  pathway  leading  to  a  malignant 
phenotype  in  vivo.  The  p53-mediated  check  of  DNA  damage  can  be  mediated  by 
the  transcriptional  activation  of  p21,  which  inhibits  cyclin  dependent  kinase- 
mediated  Rb  phosphorylation,  leading  cells  to  an  arrest  in  the  G^  phase  and  thus 
giving  the  cell  time  to  repair  DNA-damage/p53  can  also  activate  the  expression 
of  Bax  (a  cell  death  inducer)  and  mediate  supression  of  Bcl-2  (a  cell  death 
inhibitor),  leading  to  cellular  apoptosis.  It  is  still  unclear  as  to  whether  pi  6  is 
capable  of  contributing  to  the  apoptotic  pathway.  We  have  attempted  define  what 
this  interaction  may  be.  Adenovirally  introduction  of  pi 6  (Adv/p16)  in  A549  cells 
(pi  6-,  p53  wild  type,  Rb+)  mediated  dephosphorylation  of  Retinoblastoma  (Rb) 
protein  and  G0-G.,  arrest,  followed  by  remarkable  apoptosis  on  five  days  after 
infection,  as  compared  in  HI 299  cells  (pi 6-,  p53  delated,  Rb+)  mediated  Gq-G, 
arrest,  but  could  not  find  apoptosis.  An  additional  infection  with  Adv/p53  in  HI  299 
cells  induced  apoptosis.  In  order  to  confirm  the  relationship  of  p53  to  pie- 
mediated  apoptosis  7  human  NSCLC  cell  lines  including  two  with  wild  type  p53, 
two  with  mutant  p53  and  two  with  deleted  p53  were  treated  with  Adv/p16  and 
then  were  analyzed  by  the  TUNEL  assay.  This  assay  indicated  that  pi  6  was  only 
able  to  induce  apoptosis  in  cells  containing  wild-type  p53  and  that  this  occurred 
only  on  the  fifth  day  after  Adv/p16  infection.  Analysis  of  the  blgts  in  A549  cells 
infected  with  Adv/p16  indicated  that  dephosphorylated  Rb  and  bcl-2  protein  level 
was  greatly  diminished  after  infection,  while  E2F-1  expression  was  not  affected. 
MDM2  expression  increased  on  day  2  and  diminished  after  day  6  and  p60,  the 
cleavage  product  of  MDM2,  gradually  increased  on  day  2.  These  studies  sug¬ 
gested  that  Adv/pl  6  mediates  apoptosis  in  ceils  containing  functional  p53  but  not 
in  p53  null  cells.  Down-regulation  of  Rb,  bcl-2  and  MDM2  may  be  associated  with 
the  apoptosis  mediated  by  p16*NK4.  Furthermore,  combination  of  Adv/pl  6  and 
Ariv/pS3  may  be  more  effective  for  gene  therapy  for  lung  cancers  that  do  not 
express  either  wild  type  p53  nor  pi 6. 
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HeregulinQ  I -activated  erbB  receptor  signaling  and  Human 
Breast  Cancer  Cell  Aggregation,  Invasion  and  Metastasis 

Ming  Tan,  Kristine  KIos,  Rebecca  Grijalva,  and  Dihua  Yu,  Department  of  Surgical 
Oncology  and  The  Breast  Cancer  Basic  Research  Program,  The  University  of  Texas 
M.  D.  Anderson  Cancer  Center,  Houston,  Texas  77030 

The  aberrant  expression  of  erbB  family  receptor  tyrosine  kinases  is 
frequently  observed  in  human  malignant  diseases.  The  role  of  erbB 
receptors  in  human  cancer  progression  may  involve  signal  transduction 
pathways  initiated  by  ligand  binding.  Heregulin  (HRG)  can  bind  to  erbB3 
and  erbB4,  inducing  erbB3  and  erbB4  heterodimerization  with  erbB2, 
receptor  tyrosine  phosphorylation,  and  downstream  signaling. 

Homophilic  adhesion  (cell  aggregation)  may  affect  tumor  cell  invasive 
and  metastatic  potential.  We  found  that  HRG-f3l  can  enhance  aggregation 
of  MCF-7  and  SKBR3  human  breast  cancer  cells.  While  investigating  the 
downstream  signals  involved  in  HRG-increased  cell  aggregation,  we 
observed  that  HRG  induced  tyrosine  phosphorylation  of  erbB2  and  erbB3 
receptor  heterodimers  and  increased  the  association  of  the  dimerized 
receptors  with  the  85-KDa  subunit  of  phosphatidylinositol  3-kinase  (PI3K). 
HRG  also  increased  the  kinase  activities  of  extracellular  signal-regulated 
protein  kinase  (ERK)  and  PI3K  in  these  cells.  By  using  the  MAPK/ERK 
kinase  I  (MEK1)  inhibitor  PD98059  and  PI3K  inhibitors  wortmannin  and 
LY294002,  we  found  that  blocking  the  MEK1-ERK  pathway  had  no  effect 
on  HRG-enhanced  cell  aggregation;  however,  blocking  the  PI3K  pathway 
greatly  inhibited  HRG-mediated  cell  aggregation.  This  result  indicates  that 
HRG-activated  P13K  is  required  for  enhancing  breast  cancer  cell 
aggregation.  Since  aggregation  can  contribute  to  invasion/metastasis 
phenotype  of  cancer  cells,  our  results  have  provided  one  mechanism  by 
which  HRG-activated  signaling  of  erbB  receptors  may-affect 
invasive/metastatic  properties  of  breast  cancer  cells. 

ErbB2  is  the  preferred  binding  partner  of  erbB  receptor  family 
members.  It  plays  a  veiy  important  role  in  erbB  receptor  signaling.  To 
understand  the  role  of  erbB2  in  HRG  initiated  signal  transduction,  we 
transfected  MDA-MB-435  human  breast  cancer  cells  with  a  panel  of  erbB2 
mutants.  The  preliminary  results  suggest  that  the  structural  integrity  of  erbB2 
receptor  is  required  for  HRG  signaling  and  HRG-enhanced  breast  cancer 
cell  invasion  and  metastasis. 

*  Supported  by  the  US  Army  Breast  Cancer  Research  Program 


Ming  Tan,  Phone:  713-794-1233,  Code  of  Meeting:  Bl,  Poster  session  Number:  1. 


I 


CELL  AND  TUMOR  BIOLOGY  39 


kinase,  and  the  Statl  and  Stat3  transcription  factors.  IL-6  treatment  also  led  to 
activation  of  the  mitogen-activated  protein  kinase  (MAPK)  and  the  phosphatidyl- 
inositol  3’-kinase  (PI3K)  pathways  and  inhibition  of  both  pathways  reversed  IL-6- 
and  OSM-stimu fated  migration.  Cross-taik  between  cytokine  receptors  and  mem¬ 
bers  of  the  ErbB  family  of  receptor  tyrosine  kinases  is  becoming  increasingly 
relevant.  Thus,  we  have  examined  the  interaction  of  these  receptors  in  T47D  cells. 
Down-regulation  of  ErbB  receptor  activity,  through  the  use  of  specific  pharma¬ 
cological  inhibitors  or  dominant  negative  receptor  constructs,  revealed  that  IL-6- 
induced  MAPK  activation  was  largely  dependent  on  EGF  receptor  activity,  but  not 
on  ErbB2  activity.  Using  a  monoclonal  antibody,  which  interferes  with  EGF 
receptor-ligand  interaction,  we  have  shown  that,  in  T47D  cells,  IL-6  cooperates 
with  an  EGF  receptor  autocrine  activity  loop  for  signaling  through  the  MAPK  and 
Pf3K  pathways  and  for  cell  migration.  This  cooperation  involves  recruitment  of  the 
tyrosine  phosphatase  SHP-2  and  the  multisubstrate  docking  molecule  Gabl  to 
the  gp130/EGF  receptor  complex.  Thus,  in  T47D  breast  carcinoma  cells,  IL-6  acts 
in  synergy  with  EGF  receptor  autocrine  activity  to  signal  through  the  MAPK/PI3K 
pathways.  While  expression  of  dominant  negative  Stat3  did  not  affect  cell  migra¬ 
tion,  it  prevented  IL-6-induced  growth  inhibition.  We  are  currently  investigating 
the  mechanism  by  which  IL6-induced  Stat3  activation  results  in  decreased  cell 
proliferation. 

#4514  Tumor-Stromal-Endothelial  Cell  Interactions  May  Provide  a  Sec¬ 
ond-Generation  Vaccine  for  Prostate  Cancer.  Joanne  Haley,  Eamon  Lane,  and 
Darren  Stevenson.  Onyvax  Ltd,  London,  UK. 

First  generation  whole  cell  cancer  vaccines  rely  on  the  use  of  single,  or  multiple 
types,  of  tumor  cells  grown  in  a  static  two-dimensional  environment  to  provide 
antigenic  determinants  for  the  host  immune  system.  This  method  of  culturing  cells 
may  not  mimic  the  in  vivo  situation  with  regards  to  gene  expression  and  indeed 
antigen  presentation.  Using  co-culture  techniques  we  have  shown  through  mi¬ 
croarray  analysis  and  RT-PCR  studies  that  gene  expression  can  be  altered  and 
prostate  specific  antigens  up-regulated.  Culturing  human  prostate  cell  line  DU145 
on  a  basal  layer  of  normal  human  prostatic  stromal  fibroblasts  (NHPSF)  or  normal 
human  bone  stromal  fibroblasts  (NHBSF)  leads  to  a  large  number  of  genes  being 
down-regulated  (e.g.  CD58  and  TIMP1)  and  a  smaller  number  up-regulated  (e.g. 
cytokeratin  19  and  retinoic  acid  receptor  alpha).  ONYCAP-1,  ONYCAP-23,  P4E6 
and  SH MAC-4  human  prostate  cell  lines  were  investigated  for  specific  prostate 
and  metastasis  antigens.  PSA  mRNA  expression  was  up-regulated  in  all  four 
tumor  lines,  whereas  the  androgen  receptor,  MMP-9  and  the  hyaluronic  acid 
receptor  were  up-regulated  in  ONYCAP-23  during  co-culture  with  NHBSF.  The 
phenotypic  enhancement  of  the  cell  lines  described  above  represent  a  shift 
towards  a  more  in  vivo  phenotype.  To  investigate  this  further,  a  co-culture 
approach  was  applied  in  the  Dunning  rat  model  of  prostate  cancer.  Two-dimen¬ 
sional  co-cultures  of  allogeneic  rat  prostate  tumor  cells  in  combination  with  rat 
bone  marrow  stromal  and/or  rat  prostate  endothelial  cells  resulted  in  increased 
vaccine  efficacy  in  both  the  therapy  and  protection  models  of  prostate  cancer. 
Tumors  in  situ  are  complex  structures  comprising  not  only  the  tumor  cells  but  also 
associated  stroma  and  endothelium.  These  studies  have  highlighted  that  tumor- 
host  cell  interactions  do  modify  tumor  antigenic  presentation  and  by  in  vitro 
emulation  of  these  interactions  we  may  develop  a  more  effective  (second-gen¬ 
eration)  whole  cell  prostate  cancer  vaccine. 

#4515  The  Focal  Adhesion  Kinase  Regulates  Glioma  Cell  Survival  and 
Migration  by  Integrating  Growth  Factor  and  tntegrin  Signalling  Pathways. 

Graham  J.  Jones,  Joel  Machado,  and  Adrian  Merlo.  University  Hospital  Basel, 
Basel,  Switzerland. 

Glioblastomas,  the  leading  cause  of  brain  tumor  related  deaths  in  humans,  are 
highly  resistant  to  chemo-  and  radiotherapy.  Infiltration  of  normal  brain  by  tumor 
cells  proceeds  along  the  extracellular  matrix  (ECM)  of  white  matter  tracts  and  of 
blood  vessels.  Cell  motility  and  survival  is  regulated  by  integrin  receptor  activation 
and  the  focal  adhesion  complex,  which  includes  the  focal  adhesion  kinase  (FAK). 
To  investigate  whether  the  inhibition  of  FAK  might  provide  the  basis  of  an 
anti-invasive  therapy,  the  focal  adhesion  targeting  domain  (FAT)  of  FAK  was 
stably  expressed  in  human  glioblastoma  cell  lines.  The  LN-401  and  LN-229  cell 
lines  are  deficient  for  p53,  pi  6  and  p14ARF,  while  only  LN-229  cells  express  a 
functional  PTEN  protein.  The  FAT  domain  competed  with  FAK  for  localisation  to 
focal  adhesions  and  inhibited  FAK  phosphorylation.  Of  note,  FAK  phosphorylation 
was  not  regulated  by  PTEN.  The  inhibition  of  FAK  was  associated  with  a  decrease 
in  invasion  and  migration,  together  with  an  increase  in  apoptosis  as  measured  by 
caspase-3  activity.  In  FAT-expressing  cells,  phosphorylation  of  the  EGF  receptor, 
which  is  frequently  amplified  or  mutated  in  glioblastomas,  was  also  inhibited  in  a 
fibronectin  adhesion  assay.  Furthermore,  by  using  the  specific  EGF  receptor 
inhibitor  PD1 53035,  apoptosis  was  significantly  enhanced  in  a  dose  dependent 
manner  in  FAT-expressing  cells.  This  work  shows  that  FAK  integrates  both 
growth  factor  and  integrin  signalling  in  glioma  cells  and  defines  FAK  as  an 
attractive  target  for  the  development  of  anti-invasive  therapies. 

#451 6  Activation  of  Focal  Adhesion  Kinase  Signaling  by  TNFa  in  Human 
Breast  Cancer  Cells.  Li-Hui  Xu,  Xihui  Yang,  Albert  S.  Baldwin,  and  William  G. 
Cance.  University  of  North  Carolina  at  Chapel  Hill,  Chapel  Hill,  NC. 

The  Focal  Adhesion  Kinase  (FAK)  is  a  cytoplasmic  protein  tyrosine  kinase  that 
is  involved  in  cellular  adhesion,  migration,  and  cell  survival.  Our  recent  studies 
have  shown  that  FAK  acts  as  an  anchorage-independent  survival  signal  in  human 


breast  cancer  cells  and  that  down  regulation  of  FAK  causes  transformation- 
associated  apoptosis  via  death  receptor  related  signaling  pathway(s).  To  further 
investigate  the  potential  linkage  of  FAK  and  TNF-induced  signal  transduction,  we 
treated  BT474  human  breast  cancer  cells  with  human  recombinant  TNFa.  We 
have  demonstrated  that  TNFa  treatment  enhanced  cellular  spreading  that  was 
accompanied  by  increased  expression  of  p125FAK  at  focal  adhesions  as  well  as 
increased  tyrosine  phosphorylation  of  pi  25FAK  in  a  dose  and  time-dependent 
manner.  TNFa  treatment  also  induced  nuclear  translocation  of  NF-kB  p65  in 
BT474  cells  as  demonstrated  by  gel  shift  assay.  Additionally,  treatment  of  BT474 
cells  with  the  Src -family  kinase  inhibitor  PP2  completely  abrogated  tyrosine 
phosphorylation  of  p125FAK  induced  by  TNFa,  but  had  no  effect  on  nuclear 
translocation  of  p65.  Furthermore,  pretreatment  of  BT474  cells  with  TNFa  caused 
significant  reduction  of  cellular  detachment  induced  by  downregulation  of  FAK 
using  adenoviral  transduction  of  FAK-CD.  Taken  together,  these  results  suggest 
a  potential  interaction  between  TNF  receptor  mediated  signal  transduction  and 
FAK  signaling  pathways  in  human  breast  cancer  cells.  Supported  by  NIH  grant 
CA65910. 

#451 7  Activation  of  AKT  Is  Required  for  HER-2/neu-Mediated  Anchor¬ 
age-Independent  Growth.  Binhua  Peter  Zhou  and  Mien-Chie  Hung.  The  UT M.D. 
Anderson  Cancer  Center,  Houston,  TX. 

Overexpression  and  activation  of  HER-2/neu,  a  proto-oncogene,  correlate  with 
poor  survival  of  breast  and  ovarian  cancer  and  induce  chemo-resistance  to 
anti-cancer  drugs  and  anchorage-independent  growth.  The  mechanism  of  HER- 
2/neu-induced  anchorage-independent  growth  is  unknown.  We  recently  have 
demonstrated  that  HER-2/neu  activates  PI-3k/Akt  pathway  without  extracellular 
stimulation.  Here  we  showed  that  blockage  of  Akt  pathway  by  dominant-negative 
Akt  (DN-Akt)  completely  suppressed  the  HER-2/neu-induced  anchorage-inde¬ 
pendent  growth  in  both  HER-2/neu  transformed  NIH3T3  and  MDA-MB453  cells. 
This  suppression  of  anchorage-independent  growth  correlated  with  the  induction 
of  anoikis  in  these  cells.  Furthermore  we  found  that  overexpression  of  HER-2/neu 
associated  and  activated  focal-adhesion  kinase  (FAK)  in  anchorage-independent 
manner.  Inhibition  of  Akt  pathway  by  DN-Akt  suppressed  the  activation  of  FAK 
and  HER-2/neu  tyrosine-phosphorylation  in  these  cells.  Together,  these  results 
demonstrated  a  critical  role  for  Akt  in  HER-2/neu-mediated  anchorage-indepen- 
dent  growth  and  indicate  that  inhibition  of  Akt  pathway  may  provide  a  significant 
tool  in  cancer  therapy. 

#4518  Mechanisms  of  Cell  Death  during  Anoikis  in  LNCaP  and  PC-3 
Prostate  Carcinoma  Cells.  Victor  Bondar  and  David  Mcconkey.  M.D.  Anderson 
Cancer  Center,  Houston,  TX. 

Normal  epithelial  cells  routinely  undergo  apoptosis  in  the  absence  of  adhesive 
interactions  with  extracellular  matrix  (ECM),  a  form  of  cell  death  known  as  anoikis. 
Dependence  on  adhesion  to  ECM  is  often  lost  in  transformed  cells,  although  the 
cells  still  retain  some  requirement  for  cell-matrix  and  cell-cell  interactions  in  order 
to  survive.  Therefore,  the  degree  of  anoikis  resistance  may  vary  in  non-metastatic 
and  metastatic  cancer  cells.  Bcl-2  oncoprotein  overexpression  has  been  corre¬ 
lated  with  the  progression  and  metastases  of  prostate  cancer,  as  well  as  the 
generation  of  apoptosis-  and  therapy  resistant  prostate  cancer  cell  clones.  To 
investigate  these  relationships  further  we  studied  anoikis  in  suspension  cultures 
of  PC-3  and  LNCaP  prostate  carcinoma  cells  selected  for  different  metastatic 
properties  in  vivo.  As  predicted,  non-metastatic  PC-3P  cells  were  significantly 
more  sensitive  to  anoikis  than  the  metastatic  PC-3  variants  (PC-3M,  PC-3M- 
PRO-4  and  PC-3M-LN-4).  However,  the  metastatic  LNCaP  subclone  (LN-4)  was 
even  more  sensitive  to  anoikis  than  the  non-metastatic  (PRO-5)  one.  Expression 
of  Bci-2  was  higher  in  metastatic  PC-3  and  LNCaP  subclones  compared  to 
isogenic  non-metastatic  cells,  whereas  the  levels  of  other  pro-  and  anti-apoptotic 
Bcl-2  family  members  were  similar,  and  these  levels  were  not  affected  by  anoikis. 
Bcl-2  protein  overexpression  did  not  protect  either  PC-3P  or  LNCaP-PRO-5  cells 
from  anoikis,  even  though  it  rendered  them  resistant  to  thapsigargin  and  blocked 
cytochrome  C  release.  Lack  of  effects  of  Bcl-2  suppression  and  Cytochrome  C 
release  on  DNA  fragmentation  suggested  a  novel  apoptotic  pathway-  in  our 
models  of  anoikis.  Caspase  activation  was  observed  during  anoikis  in  LNCaP- 
PRO-5  cells,  and  contributed  to  the  cell  death.  We  found  no  evidence  for  caspase 
activation  during  anoikis  in  LNCaP-LN-4  cells.  Using  a  large  panel  of  protease 
inhibitors  we  found  no  evidence  of  any  protease  involvement,  with  or  without 
DNAse  activity,  in  LNCaP-LN-4  cell  death  during  anoikis.  Therefore,  the  DNA 
fragmentation  seen  in  LNCaP-LN-4  cells  is  probably  due  to  activation  of  a  DNAse 
other  then  DFF-40,  which  is  classically  associated  with  apoptosis  due  to  caspase 
activation.  Identification  of  such  enzyme(s)  should  prove  invaluable  in  under¬ 
standing  pathways  of  anoikis  and  metastatic  tumor  progression. 

#4519  Resistance  to  Anoikis  in  Human  Melanoma  Cells  Is  Associated 
with  G1  Arrest.  Vivi  Ann  Florenes,  Maria  Rosa  Bani,  Shan  Man,  Janusz  Rak, 
Cappucine  Sheehan,  and  Robert  S.  Kerbel.  Division  of  Cancer  Biology  Research, 
Sunny  brook  and  Women's  Health  Science  Centres,  Toronto,  Canada,  Mario  Negri 
Institute  for  Pharmacological  Research,  Bergamo,  Italy,  and  The  Norwegian  Ra¬ 
dium  Hospital,  Oslo,  Norway. 

Most  mammalian  cells  are  dependent  on  adhesion  to  extracelluar  matrix  for 
continued  growth  and  survival.  Upon  detachment  from  the  substratum,  anchor¬ 
age  dependent  ceils  either  become  arrested  in  G1  phase  of  the  cell  cycle  or  they 
trigger  an  apoptotic  death  program  referred  to  as  anoikis.  in  vitro,  loss  of  anchor- 
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